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PREFACE 


This is one of a series of volumes covering the field of nondestruc- 
tive testing inspection used to accomplish quality assurance operations 
in the inspection and acceptance of Army material. As a series, .these 
volumes constitute the Army Materiel Command’s Regulation 715-501 on 
Nondestructive Testing Inspection. 

The purpose of this volume on Electromagnetic Inspection is to pro- 
vide Army Materiel Command quality assurance personnel with the basic 
principles underlying electromagnetic inspection techniques. The subject 
matter covered includes a brief history of the development of electro- 
magnetic inspection technology, the theory and principles of electro- 
magnetic testing and test systems, calibration and quality assurance 
standards, and typical applications of testing technique So A glossary of 
electromagnetic testing terms and an appendix of symbolic definitions 
are provided for the benefit of the reader; a bibliography covers some of 
the more pertinent references current in the field of electromagnetic 
testing. It is intended that this volume serve as a reference in which 
answers may be found to the more general questions concerning the tech- 
nical aspects and applications of electromagnetic inspection. 

The information contained herein is presented in recognition of the 
need for increasing and enhancing the information available to engineering 
and inspection personnel so they may better perform their assigned duties. 
It is hoped that such personnel will be stimulated by this publication to 
seek further information in more extensive works on the subject. 
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CHAPTER 1 


INTRODUCTION 


Section I. PURPOSE AND SCOPE 


1. PURPOSE 

The purpose of this publication is to provide technical guidance, infor- 
mation, and data to U. S. Army Materiel Command (AMC) personnel in 
the general field of electromagnetic nondestructive testing inspection. 

2. SCOPE 

a. This is one of a series of volumes on nondestructive testing in- 
spection which, as a group, constitute the AMC Nondestructive Testing 
Inspection Regulation, AMCR 715-501, 

b. This volume contains technical and instructional data on the test- 
ing'^Df all types of metals, both ferromagnetic and nonferromagnetic, by 
means of alternating magnetic fields. Although such techniques are 
usually called eddy current methods, the more general term of electro- 
magnetic testing will be used since the former fails to take into account 
the possibility of ferromagnetic phenomena, Electromagnetic methods, 
in turn, will be subclassified into magnetoinductive and eddy current 
methods, The former pertains to tests where the magnetic permeability 
of a material is the factor affecting the test results, and the latter to 
tests where electrical conductivity is the factor involved. 

c. The term magnetoinductive has been used with a variety of mean- 
ing’s, For puj’poses of this publication, however, the term will be used 
to imply or refer only to the magnetism induced within a ferromagnetic 
material during electromagnetic testing. Static magnetic and electric 
methods, and very high frequency electromagnetic methods, such as 
X-rays, will not be covered. 

d. The objectives of this volume are: 

(1) To provide -technical information and data regarding the availa- 
bility and applicability of electromagnetic testing techniques for 
determining various physical properties of materials and for 
the detection of discontinuities and/or inhomogeneities within a 
material. 
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(2) To encourage the further use of electromagnetic ten ting U»('h - 
nicjues in the general quality assurance areas of design «intl 
inspection. 


Section 11. HISTORY 


3. GENERAL 


The use of electromagnetic waves for the nondestructive testing of uu'I.iIm 
outdates even the experimental proof of the reality of these wavcH. In 
1879, the year of Maxwell's death, when many still doubled hiB 
and eight years before Hertz demonstrated the existence of electro- 
magnetic waves, D, E. Hughes was able to distinguish between different 
metals and alloys by means of induced eddy currents using an indued ion 
balance. Hughes' account of his experiments, publiahed in tho X^hlUiHoph- 
ical Magazine of that year, is evidence of a study of surprising Hoopt^ 
despite the crudeness of the electrical equipment then available. Lack- 
ing an electronic oscillator, Hughes used the ticking of a clock fall lug <n\ 
a microphone to produce the exciting signals. The resultant elect ri<-al 
impulses passed through a pair of identical coils and induced eddy cm r I’cnlH 
m objects placed within the coils. Listening to the ticks with a lelej^ljono 
receiver, Hughes adjusted a system of balancing coils until the Bouadn 
isappeared and noted the different adjustments needed for objectH <if 
ditterent sizes, shapes and materials. 


4. DEVELOPMENT OF TESTING TECHNIQUES 

part 01 the nineteenth century have led to today's sophi.sticalGd innf vin.w.ni •. 

ularlv aoDroDrtfP TK ’• breathing near the coils, io pnvii. -. 

tended to respond Unsidvelv electromagnetic mothod 

metals. ThKforC^elv i" 

It was, and still is, sensitive to mun^ souice of its greatest difficiiltitui. 
studied, the result being that the elp lioing 

other methods of nondeftrucule tfst7 

response. Efforts in the field todav quantltativo in 

n the field today are largely directed toward tliin end. 

dev-^lopment of PtacticaU^ e°4ry 7the7moder7^^ Pfecedod llm 

testing the field was a long time develomne t nm 7 ”°"des truclivc 

^agnetic method had only limited applicaUons w 

discrimination between responses to diffo provisions foi- 

laeat treatment variations, alloy variatfonr”d "^“'®"® 

operatLs, and smaU^rbrat"^' variations, internal 
tne lest coj1{s) during testing) vibrations of the part or of 

ixa usefulness. «^®=‘romagnetic tests were, at b^t, UniUcd 
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c^. As experience was gained in electromagnetic testing, several major 
breakthroughs occurred in the problem of discrimination between variables. 
Farrow, Zuschlag, and Foerster were individually instrumental in intro- 
ducing the phase sensitive method of analysis. Foerster and his group, 
in particular, developed a large line of highly successful instrumentation. 
Later, other methods such as multiple -frequency techniques were intro- 
duced. Significant improvements also resulted from specialized coil design. 
Recently, transistorization of electromagnetic test equipment has re- 
sulted in the ability to produce systems of high complexity with long 
trouble-free lifetimes, as well as miniaturized, highly portable apparatus. 

d. Today, electromagnetic testing has been developed to the stage where 
it can provide a rapid, accurate, and reproducible nondestructive testing 
inspection technique. It is compatible with electronic control circuits and, 
therefore, suited to automatic or semi-automatic inspection on production 
lines. It has served to speed up certain types of tests formerly performed 
visually or manually and in some cases has offered nondestructive, 100 per- 
cent inspection where only destructive sampling was previously possible. 

For example, tubing can now be electromagnetically tested for minute 
cracks and other flaws at speeds of 300 feet per minute or more, while a 
comparable visual inspection would usually proceed at much less than a 
tenth of this speed and would fail to detect flaws that were not on the surface. 

e. The theories, advances, and applications of electromagnetic testing 
inspection form the basis for this publication. 
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CHAPTER 2 

THEORY OF ELECTROMAGNETIC TESTING INSPECTION 


Section I. GENERAL 


5. GENERAL 

Conventional electromagnetic theory is used in the general field 
of nondestructive testing inspection only to give qualitative assistance 
explaining certain phenomena. Electromagnetic theory is used to explatii^ 
(1) the generation and distribution of induced electric currents, and (2) 
how the change in electrical characteristics of a coil placed in the viciriity- 
of a metallic object can -be used to distinguish between geometrical, 
electrical, and magnetic properties of a metal. These explanations, oar 
conclusions, have been derived from one of the few completely under- 
stood hypothetical electromagnetic test systems, This system consists 
of an infinitely long, straight, and circular cylinder placed in a unifornn 
axial magnetic field (using an infinitely long cylindrical exciting coil). 

In practice, however, examination is limited to small regions of con- 
ductors of any shape using small coils with nonuniform fields. This 
means that actual testing departs widely from the idealized system for 
whicla correct, mathematical solutions exist. However, a satisfactory 
degree of approximation can be made experimentally for most actual 
cases where short bars and short lest coils are used. 

b. Nondestructive testing by electromagnetic (eddy current) methods 
involves inducing electric currents (eddy or Foucault currents) in a te s t 
piece and measuring the changes produced in those currents by discon.— 
linuities or other physical differences in the test piece. Thus, such tests 
can be used not only to delect flaws, but also to measure variations in. 

test piece dimensions and resistivity. Since resistivity is dependent on 
such properties as -chemical composition (purity and alloying), crystal 
orientation, heat treatment, and hardness, these properties can also t>e 
determined indirectly, 

c. One method of producing eddy currents in a lest specimen is to 
make the specimen the core of an alternating current (a-c) induction coil- 
There are two unrelated ways of measuring changes that occur in the 
magnitude and distribution of these currents. The first is to measure 
resistive component of impedance of the exciting coil (or of a secondar'Y" 
lest coil), and the second is to measure the inductive component of imp^ ' 
dance of the exciting (or of a secondary) coil, Electronic equipment It. 3-^ 
been developed for measuring either the resistive or the inductive imp® " 
dance components singly or both simultaneously (see chapter 3), 
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6, FERROMAGNETIC MATERIALS 


Jhe foregoing general principles apply only to nonmagnetic metnlH 
Haturated ferromagnetic materials. When an eddy current apparat\iH i» 
used for testing ferromagnetic materials j the magnetic proper lien t>t’ (ho 
test piece influence the read-out indications and must be compen«alo<l for 
in interpreting the test results. When the magnetic character is ties of a 
material will alter the scale of the readings, sorting of materials or coni 
ponents will then usually rely upon differences in some other proporly 
such as electrical resistance. 


7. ELEMENTARY CONCEPTS 

In the following sections a few of the elementary concepts of cle clinical 

conductivity and magnetism will be considered. The electromagnetic: 

properties of coils will be mentioned. The remainder of the chapter will 

ofelllV'f ‘he key points in the continuously unfolding field 

01 electromagnetic testing inspection. ^ 


Section XI. ELECTRIC AND MAGNETIC PROPERTIES OF METAf.S 
B. GENERAL 

SXe:rfrack ct«r ‘•-ectly measure such thingH as 

their relationship to things that can k I'athev incUrcctly by 

ci^ctivity, Permeabrnty ir a «uch as cov/ 

of a metal that are measured directly and art* charactei'iaticH 

magnetic testing are discussed in to electro. 

9. electrical conductivity 


'here 


cr - 
P = 
/ - 
R = 
A r 


o- . 1 

R X A ~ "p 

conductivity (mho/unit length) 

«sisUvity (ohm - unit length) 
length 

I'esistance (ohm) 

cross-sectionalarea 
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b. Conductivity varies widely among various metals^ and a convenient 
means of categorizing metals is to refer to them as either conductors or 
nonconductors. For a pure metalj the conductivity value is unique (see 
table I). The addition of impurities to a pure metal will normally change 
its conductivity; sometimes markedly. For example, only 0.005 percent 
phosphorus present as an impurity in copper will decrease the conductivity 
from the value for pure copper by about 4 percent (fig. 1), It can be seen 
from figure 1 that most other impurities, as well as variations in alloy 
composition, also affect the conductivity of pure copper, although not as 
severely as phosphorus. 


Table I. RESISTIVITY AND CONDUCTIVITY OF SOME METALS 


Metal 

Resistivity g 
p (ohm-m) X 10 

Conductivity y 
a (mho/m) x 10 

Temp. 

°C 

Silver 

1. 629 

6. 14 

18 

Coppe r 

1. 692 

5. 91 

20 

Aluminum 

2. 63 

3. 8 

0 

Zinc 

5. 75 

1. 74 

0 

Iron (99. 98%) 

10 

1 

20 

Platinum 

10 

1 

20 

Aluminum Bronze 

12-13 

0. 83-0, 77 

0 

Lead 

22 

0. 455 

20 

Titanium 

43. 1 

0. 232 

22 

Steel (4% Si) 

62 

0. 161 

20 

Bismuth 

119 

0. 084 

18 

Steel (6%V, 1. 1 %C) 

121 

0. 083 

20 


_c. The current distribution within a test piece may also be changed by 
the presence of inhomogeneities, If a sample is perfectly homogeneous, 
free from flaws, and has a regularly spaced lattice, the probability of the 
mean free path of an electron passing through it being a constant approaches 
unity, A crack, slip plane, inclusion, high or low density regions, chemi- 
cal inhomogeneity, cavity, or other conditions in an otherwise homogeneous 
material will cause a back scattering of the electron and hence shorten its 
mean free path. In general, a conductivity measuring device can be shown 
to be applicable to detecting any condition which causes the mean free path 
of an electron passing through it to vary by an amount lying within the 
measuring capacity of the device used, 
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IMPURITY CONTENT ~ % 


5URE 1. INFLUENCE OF IMPURITIES ON THE CONDUCTIVITY OI 

PURE COPPER 
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cl. If an electric wave is considered instead of electrons, the same 
factors impeding the flow of a single electron will impede the passage of 
a wave front causing it to be totally or partially reflected and/or absor-becj 
The various relationships between conductivity and such factors as 
impurities, cracks, grain size, hardness, strength, etc, , have been 
investigated and reported in detail in the literature. Some of these 
relationships will be discussed later in this text, 

10. MAGNETIC DOMAINS 

Any metal placed within the region of a magnetic field will be 
affected somewhat. Among various metals, the individual magnetic 
responses vary widely, as was the case with electrical conductivity. 

Metals which react only slightly to magnetic fields are called either 
diamagnetic or paramagnetic; or more simply, nonmagnetic. Those 
metals which are greatly affected by the presence of a magnetic field ai'e 
called ferromagnetic; or to a design engineer, magnetic. A few of the 
elements which display ferromagnetism are iron, nickel, and cobalt. 

Alloys of these metals can be made with a wide range of magnetic prop- 
erties. 

b. Magnetism occurs basically at the atomic level. The uncom- 
pensated, or off-balance, planetary spin of the electrons in the third 
incomplete shell, together with specific dimensional characteristics, 
creates a magnetic moment (a measure of the magnetizing force). 

Figure Z is one type of an atomic model showing the inner structure of a 
ferromagnetic atom. This illustrates the electron arrangement neces s ai-yr 
for the creation of magnetism. In all cases, the ratio of D (the mean <li — 
ameter of the atom itself) to r (the mean radius of the unstable quantum 
shell) must be 3 or greater (D/r =3) to produce ferromagnetism, Th.is 
condition is met in iron, cobalt, nickel, and in the rare earth groups 
(atomic numbers 58-71). 

c. Magnetic moments in neighboring atoms are held parallel by quan- 
tum mechanical forces (fig. 3), These can be likened to the forces hold- 
ing the sun, moon, stars, and earth in their relative positions. The 
probabilities of magnetism occurring in any one of six possible directions 
(fig. 4) are about equal. The atoms of a metal showing magnetic charactor*- 
islics are gi'ouped into regions called domains. A domain is the smallest 
known permanent magnet. Six thousand domains would occupy an area 
comparable in size to the head of a common pin. Each domain is composed 
of about 1 quadrillion (1,000,000,000,000,000 or 1 x 10^^) individual 

atoms. If each atom were the size of a half-inch ball, then a domain 
would contain enough of these balls to surround the earth with a band 
30 miles wide ! 

d. In unmagnetized ferromagnetic materials, the domains are randor^_V/ 
oriented and neutralize each other. However, the magnetic forces are s * 
present. Application of an external magnetic field to a metal test piece ^ 
causes the randomly oriented magnetic domains to become so aligned 

their magnetic moments are added to each other and to that of the appli^ 
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SPINS 

2 ELECTRONS - I Right - I Loft 
2 '» - I Right - I Left 

6 " "• 3 Right - 3 Left 

2 " - I Right - I Loft 

6 H -3Righf - 3 Loft 
6 -> - I Right - 5 Loft 

2 I' - I Right - I Left 


FIGURE 2. ATOMIC MODEL 
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FIGURE 4. SIX POSSIBLE DIRECTIONS OF MAGNETIZATION 


BEFORE 



MAGNETIC FIELD 


N 


AFTER 
FIGURE 5. 



DOMAIN ALIGNMENT BEFORE AND AFTER 
MAGNETIZATION 
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iield (fig. 5), With soft (weak) magnetic materials, such as iron, hum II 
external fields will result in temporary domain alignn'i^nt, but, 
of the small restraining force, only a little of the magnelisnt will l>o 
retained \vhen the external field is removed. With hal'd (strong) n tag noli*' 
materials, such as the Alnico alloys (aluminum-nickel-iron-. illoys) , a 
stronger external field must be applied to cause alignment of the tloin.i i nn ; 
but most of this alignment will be retained when the extei’nal field in m* 
moved, thus leaving the material permanently magneti/.ed having one 
major north pole and one major south pole. 

llv MAGNETIC INDUCTION 


3' General . The phenomena contributing to the magnetic bcliavuir of 
.a metal occurs at the atomic level. That is, in such maleri.ils, llu' )nU 
magnetic moment of all the individual atoms does not acid lo zero. Wilbin 
a given metal, it is possible for the individual atoms lo so align Ux'ru- 
seives that the net result is the creation of a strong magnetic field. II hi 
these over-all magnetic properties of a material that are of importamu^ 
to design engineers. 


- Induced Magnetism . When a magnetic mater hi) in )>bH »•<! 

m a region ol an appjied magnetic field (H), there is induced in (hut 

1 ifnear rvafu^hfe n°”' increases, i,ul tl.t roiali ,u,nhi,, 

'aterienra nJot n) R t, have Cov any iuuk,u-( ir 

aterial .s a plot of B versus H; a typical curve is shown in tiguro 

-aU of the ap^plied magnftLinVfot'ce to^Hn^ rT''”';' " 

indition, i, e. . cvclina nf ^ ^ ^ oring it to a staliili/aul <’vr)ic 

able form of induced magneti enforce continuously produce a 

/H curve. It can be seen Ct ^ ^ indue. i,u, 

increments from the point B = 0 and H - n ‘"^g'^elwing Corco 11 u, an, all 
naterial increases quite rapidly affirsl ">^Sneiic. fluK fl in (he 

. point beyond which an increase in H does no. n '”'f 
■ncrease in B. At this point (B max) thr^e significan. 

saturated. ^ said to bo magnotically 

2. MAGNETIC PERMEABILITY 

I regioTr^;;SPlvhich^th"r"fti^^^^ j‘ seen thal llmro Ih 

«'2eTn:*ias"’"‘“"'^ *» "•*« 

as perme^y ^-P-ssed 
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where 


ju = permeability {gauss/oersted} 

B = magnetic flux or induction (gauss) 

H = the applied field or magnetic intensity (oersted) 
1 = length 

^ = reluctance (gilbert/maxwell) 

A = cross-sectional area 


Note: This expression holds only for the case in which the mediunoj 
or material, comprising the magnetic circuit is continuous; i. e. , no air 
gaps; g = constant. 

Figure 8 shows a plot of permeability versus magnetic field intensity of 
the B/H curve shown in figure 7. 


b, Remanence and Coercivity, An important aspect of the B versus H 
curve (fig. 6) is that the curve does not retrace itself when H is decreased. 
After magnetic saturation (Bg) has been reached, when H is decreased, b' 
decreases, but the B value is greater than for any previous value of H whon 
[ was increasing. If H is decreased to zero, B is still finite and, in soma 
ases, still quite high. The B field remaining after H has returned to zero 
5 called the remanence (or retentivity ) of the material, B . High reman- 
nce is one of the requirements of good permanent magnets. When the IT 
leld is further reversed through zero to negative values, B decreases 
intil a point is reached where it is zero. The value of the H field at this 
coereWe force, A further decrease in H causes 

akes pla^(fe^° become large in a negative direction until again, saturation 


c, 


„ figure 6 that increasing the 

H field in the negative-to-positive direction produces a curve with a nefra- 

cJrve of^a versuTw f magnetic saturation. Thus, the ® 

bacris If, \ H to a large negative H and 

back IS not a smgle curve, but two anti-symmetrical curves which are 

is a^measur^of hysteresis loop 

a measure of the work which must be expended in bringina the test ^ 

terlsisMp,'“°'‘ electromagnetic core is that it has a'sUli-'arfa lys- 

"VARIABLES ON ELECTROMAGNETIC 

General. Magnetization curves and hysteresis Innr^a ^ i j 

for all magnetic materials to shnu, «,«, ...i x’ loops can be drawn 

(B) and magnetising force (H) For e, between flux density 

shape of thf curves® theTr amulUude » characteristic 

with the axis can be altered oonsider’ably by W^rLtm 

y y neat treatment and mechanica 
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working as well as by changing chemical composition. Sorting and com- 
parison methods of electromagnetic testing can be based on the afore- 
mentioned curves and on the various quantities derived from them. 
Differences between similar materials can be shown using values of mas 
mum intrinsic flux density the magnetizing force (H) for fixed vali 

of flux density, the coercive force maximum permeability 

the values of retentivity (Br), or by measurement of hysteresis loss. 

b. Chemical Composition. An example of the effect of chemical 
composition on the magnetic properties of a steel is shown in table II by 
the series of cobalt- chromium -molybdenum steels where the cobalt con- 
tent is varied. With all ferrous materials, an increase in carbon conten 
increases the coercivity, resistivity, and retentivity and reduces 
permeability and saturation flux density. Also, there is a broadening 
of the hysteresis loop and an increase in the hysteresis loss value. A 
striking example of the effect of chemical composition on the electro- 
magnetic properties of steel is shown by increasing the nickel content. 
Here, the saturation flux is greatly reduced, and at 30 percent nickel 
iontent the steel becomes completely nonmagnetic. 

£. Heat Treatment. Heat treatment for steel hardening can cause tlTi< 
effects of variations in chemical composition to be intensified. 

d. Cold Working. Cold working of ferromagnetic materials reduces 
the magnetic properties but gives a high value for hysteresis loss, a 
particularly undesirable condition in steels called upon to operate in 
alternating magnetic fields. 

14. STRUCTURE-SENSITIVE AND STRUCTURE-INSENSITIVE PROPER 

a. Some electromagnetic properties, such as saturation magnetizatio 
change only slowly with chemical composition and are usually unaffected 
:)y fabrication or heat treatment. However, permeability, coercive forc( 
and hysteresis loss are highly sensitive, and show changes which are 
extreme among all the physical properties. Properties may thus be 
divided into structure -sensitive and structure - insensitive groups. As an 
example, figure 9 shows magnetization cui'ves for a nickel- iron alloy 
after it has been (1) cold rolled, (2) annealed and cooled slowly, and 

(3) annealed and cooled rapidly. It can be seen that the maximum 
permeability (B/H) varies with the heat treatment over a wide range 
(up to a factor of 20), while the saturation induction (H) is the same withir 
a few percent. Structure- sensitive properties, such as permeability, de- 
pend on small irregularities in atomic arrangements, These irregulariti 
have little effect on properties such as saturation induction. 

b. Some of the more common sensitive and insensitive properties are 
listed in table III, This table also shows the principal physical and 
chemical factors affecting the properties. 
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FIGURE 9 EFFECT OF MECHANICAL FORKING AND HEAT 'niEA’R 
^SfENT ON THE MAGNETIZATION CURVE OF A NICKEL ALLOY 


Table III, PROPERTIES COMMONLY SENSITIVE OR ^ENSITIVIO TO 
SMALL. CHANGES IN STRUCTURE, AND SOME OF niU 
FACTORS WHICH AFF ECT SUCH CHANGES 

Structure-Insensitive Structure-Sensitive Factors Aflocting 

Prooerties Properties the Properties 


Structure -Insensitive 

Structure -Sensitive 

Properties 

Properties 

Saturation magnetization 

Permeability 

Curie point 

Coercive force 

Magnetostriction at 
saturation 

Hysteresis loss 

Crystal anisotropy 
constant 



Composition (gross) 
Impurities 

Strain 

Temperature 
Crystal structure 
Crystal orientation 
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15. CHARACTERISTICS OF A MAGNETIC MATERIAL 

Remanence coercive force (H^), hysteresis, and permeability ()U) 

are all characteristics of a magnetic material. Each may vary widely in 
different materials. In a particular material, they may also vary as a 
result of a number of factors. Thus, these characteristics can give some 
external indication of the state and condition of a material. A very close 
interdependence of the physical properties, electrical conductivity, and 
magnetic permeability exists. Any electromagnetic test system measuring 
conductivity is partially affected by the magnetic permeability of the 
specimen, particularly for depth of penetration of the excitation. This 
relationship is expressed by the equation; 

1 

d = y TT f /UCT 


where 


S = depth of penetration 

/Li = magnetic permeability (4 7r*10“'^ henry per meter for non- 
magnetic materials) 

f = frequency {cycles per second) 

0 - = volume electrical conductivity (mho per meter) 


From this equation, providing the conductivity and permeability of a 
standard specimen is known, the frequency range can be chosen for oper- 
ating the excitation field to produce maximum penetration (see par. 30). 

An analysis of this relationship yields a good deal of information regarding 
the possibilities of the general electromagnetic test methods. 


16. ELECTROMAGNETIC UNITS 

a. A very real difficulty is presented by the number and variety of 
electromagnetic test system units in use today. The most common systems 
are: 


(1) The cgs (£entimeter-£ram-£econd) system consisting of the 

(a) practical, 

(b) esu (electro^tratic units), and 

(c) emu (electromagnetic units) subsystems; and 

(2) the mks (meter-kilogram -£econd) system which can be either 

(a) unrationalized, or 

(b) rationalized. 
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the < 


Rationalized means that the system has been so arranged that the factor 
of 4:ir does not appear in several of the more frequently used equations in 
electromagnetics, and results in simplification of the units comprising 
the mks system. Work on basic magnetic research has been, and still is, 
published in the cgs-emu system, but the rationalized mks system is 
favored by electrical engineers and is increasingly used in textbooks on 
"electricity and magnetism" at all levels. The mks system of units 
incorporates the practical electrical units such as the ampere, volt, ohm, 
joule, and watt, and eliminates the powers of 10 such as 10*^, 10“^, and 
10"^ which occur in many electrical expressions. Table IV gives the 
relationships between some of the more commonly used units in the various 
systems . 


b. To illustrate how units will vary from one electromagnetic test 
system to another, consider the case of ferromagnetic materials whose 
permeability, jU, is not equal to that for free space, fu^. The resultant 
flux density may be thought of as being equivalent to the sum of two 
components: the first being the magnetic flux density due to the applied 
magnetic field, and the second being the magnetic flux density due to the 
magnetic domains of the material (intrinsic flux density). Stated mathe- 
matically, 


B = jU H + M 
o 


where B is the magnetic flux density, 

is the permeability of free space, 

H is the magnetic field intensity, and 
M is the magnetization or intrinsic flux density 


The above equation can be expressed in terms of the several systems of 
units as follows: 


H + 47rM 

cgs 

- emu 

H + M 

cgs 

- practical 

^ H + 47rM 

mks 

- unrationalized 

^ H + M 

10^ 

mks 

- rationalized 


c. A comparison of the electric and magnetic systems are given in 
table V. Tables VI and VII give conversion factors to be used between 
other units and % lACS (per cent ^International Annealed popper ^tandard). 
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Table IV (Cent). RELATIONSHIP BETWEEN ELECTROMAGNETIC TEST SYSTEM UNITS 


AMCR 715-501 
Volume 2 



Mks Rationalized 

























AMCR 715-501 
'/olumc; Z 


Table V. COMPARISON OF ELECTRIC AND MAGNETIC SYS'l'EMS 


- 

Concept 

L 

Electric System 

Magnetic SyHtoin 

Ilasic Particle 

Electron 

Line of Flnx 

Symbol 

e 

<!> (or J) 

Units 

- 

maxwell 

; F 0 r c e 

Voltage or Emf 

Magnetizing Force 
or Field Strength 

1 Symbol 

V or E 

H 

1 Units 

L _ 

volts 

Metric Englinh 

oersted amp -turn/ ineli 



(1 oerstcd=:2.015 dnip- Lu rns/iiu'h) 

[Flow 

Current or Amperage 

Flux Density or Induction 

Symbol 

I 

B 

Units 

amperes 

Metric EngliHli 

gaus s line s / in^ 



(1 gauss = l linc/ciTL2-~G .4f) Jini's/in^) 

Opposition to Flow 

Impedance 

Reluctance 

1 Symbol 

1 Units 

Z 

ohms 

'Jl 

gilbert/ maxwell 





Alatenals Ability to 
Conduct Energy 

Conductivity 

Permeability 

f Symbol 
' Units 

CT 

mho/ unit length 

gaus s/oersted { (.i Jl) 

„ * j 
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Table VI. CONVERSION FACTORS: RESISTIVITY AND CONDUCTIVITY 

UNITS TO % lACS 

Given N units at the left, perform indicated operation to obtain % lACSH^: 


From 

To 

Resistivity Units (N) 

% lACS 

Microhm- centimeters 

1/N X 172. 41 

Microhm - inches 

1/N X 67. 879 

Ohms (mil, foot) 

1/N X 1037. 1 

Ohms (mile, pound) 

1/N X 9844. 8 X 

Ohms - centimeters 

1/N X 1. 7241 X 10-4 

Ohms - meters ^ 

1/N X 1. 7241 X 10“^ 

Ohms (meter, mm'^) 

1/N X 1. 7241 

Ohms (meter, gram) 

1/N X 1. 7241 X 

Relative Resistivity 

i/N X 100 

From 

To 

Conductivity Units (N) 

% lACS 

... ^ 

Meters (ohm, mm ) 

N X 1. 7241 

Megmhos / centimeter 

N X 172. 41 

Megmhos / inch 

Nx 67. 879 4 

Mhos / centimeter 

N X 1. 7241 X 10 1 

Mhos/meter 

N X 1. 7241 X 10 

Mhos (meter, gram) 

N X R 7241 X 

Micromhos/ centimeter 

N X R 7241 X lO'"-^^ 

% lACS, weight basis 

N X 0. 11249 X 


Notes : 

'^International Annealed Copper Standard - 0, 15328 ohm (meter, grarr 
at 20^C. 

>!‘>ITn the above tables, "d" stands for density in grams per cubic 
centimeter , 
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Table VII. CONVERSION FACTORS: % lACS TO RESISTIVITY AND 
CONDUCTIVITY UNITS 


Given N % lACS'^S perform indicated operation to obtain value in \inita at 
right: 


From 

N % lACS 

To 

Resistivity Units 

1/N X 172, 41 

1/N X 67. 879 

1/N X 1037, 1 

1/N X 9844. 8 X d>:<*. 

1/N X 1. 7241 X lO**^ 

1/N X 1. 7241 , 

1/N X 1. 7241 X 10“° 

1/N X 1. 7241 X 

1/N X 100 

Microhm - centimeters 
Microhm - inches 

Ohms (mil, foot) , 

Ohms (mile, pound) 

Ohms - centimeters 

Ohm - meters 

Ohms (meter, mm*^) 

Ohms (meter, gram) 
Relative Resistivity 

From 

N % lACS 

To 

Conductivity Units 

Nx 0.5800 

N X 5. 800 x lO'"^ 

N x 1. 4732 X 10"^ 

N x 5. 800 X 10^ 

N X 5. 800 X 10^ 

N X 0, 5800 X l/d^I"'!^ 

Nx5.800 X 10^ 

N X 8, 89 X 1 /d><'^ 

— 

Meters, (ohm, mm'^) 

Megmhos /centimeter 
Megmhos/ inch 
Mhos/centimetcr 
Mhos/meter 

Mhos (meter, gram) 
Micromhos / centimeter 
% lACS, weight basis 
— — — — 


'■International Annealed Copper Standard = 0. 153E8 ohm 


(mote 


"Tn the above tables, 
centimeter. 


'd" 


stands for density in grams 


pur cubic 


gram) 
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Section III, ELECTROMAGNETIC PROPERTIES OF COILS 

17. GENERAL 

When an energized coil (fig. 10) is brought near a metal specimen, eddy 
currents are induced in the specimen and set up a magnetic field which 
acts in opposition to the original magnetic field. The impedance (Z) of 
the exciting coil, or for that matter any coil, in close proximity to the 
specimen are affected by the presence of the induced eddy currents in the 
specimen. The path of the eddy currents is distorted by the presence of 
defects or other inhomogeneities. The apparent impedance of the coil is 
also altered by the presence of defects in the specimen, ^his change in 
impedance can be measured and is useful in giving indications of defects 
or differences in physical, chemical, and metallurgical structure. Instru- 
mentation and circuitry read-out the coil impedance. This section sum- 
marizes some of the more important points to be considered regarding 
the electric and magnetic properties of coils, 

18. ELECTRIC PROPERTIES 

a. Ignoring stray capacitances, a coil in free space (i. e, , the area 
between conductors is free of any substance) can be represented by two 
parameters; its inductance, Lq, audits resistance, Rq. Also, it can be 
assumed that L^ takes on a new value (L) and R^ a new value (R), when 
the pickup coil is in the resultant field induced by the primary coil and 
the test specimen. The value of R^ is unimportant to electromagnetic 
measurements because it is a constant and, for simplicity, can be assumed 
to be equal to zero. On the other hand, the measured voltage depends on 

L , which itself is a function of the chance number of turns in the coil. To 
make the results achieved independent of construction parameters of a 
particular test coil, it is convenient to normalize the inductance ( inductive 
reactance ), wL, by dividing both R and tjL by oLq. This will generalize 
results to any coil with an arbitrary number of turns. The angular fre- 
quency, (jO is equal to 2 7rf, where f is the test frequency (0 = 2 vrf), 

b, Disregarding stray capacitances, the self impedance Z of a coil may 
be written 


Z = R -I- j O L where j - V-l 

Since both the resistance and inductance of the coil are to be measured, 
the object is to find a functional relationship between 

(1) R, O L, and OLq, and the radius of the coil (c), all of which 
are known, and 

(2) the conductivity (o’), permeability (jU), and the radius of the test 
bar (a), which are the unknowns (to be determined), 

If only nonferromagnetic materials are considered, then jU is known and 
constant (equal to the permeability of free space, Mo)» This leaves only 
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two unknowns, cr and a, and it is then necessary to derive two simultaneous 
equations involving the above parameters in which the experimental values 
of R and coL uniquely determine <j and a. This derivation has been done in 
detail in the literature and will not be dwelt on here. However, the general 
technique that is used is as follows. 

(1) The necessary equations are derived by solving for the resultant 
magnetic field and eddy currents induced in a conductor placed 
in the magnetic field set up by currents flowing in the coil and 
in the bar. The solution for any particular sample and coil 
geometry follows directly from Maxwells' Equations and Ohms 
Law . 

(2) The desired equations for the resistance and inductance of the 
the coil under the particular geometry considered, are then 
obtained by integrating the resultant field over the cross -sectic 
of the coil. 

c. In general, the following parameters of the test system affect the 
coil impedance: 

(1) Test frequency 

(2) Coupling: 

(a) Lift-off probes 

(b) Fill -factor in through- coil inspection 

(3) Field strength 

(4) Test coil size and shape: 

(^) Type of coil 

(j^) Number and diameter of turns 

(jc) Length and diameter of windings 

(^) Core material 
19. MAGNETIC PROPERTIES 

a. In electromagnetic testing, the applied magnetic field strength (H) 
is of great importance in determining the validity of a test procedure. 

The field strength of a system is determined by the current in the primary 
coil. In magnetoinductive testing, the field strength and its selection is 
of prime importance. Magnetoinductive testing is electromagnetic testing 
where eddy currents are present but are of no significance in the procedure: 
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FIGURE 11. B-H RELATIONSHIP BETWEEN TWO GROUPS OF SAMPLES 
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^jagnetic properties such as permeability and related variables are the 
j'ime factors. This technique is used only with magnetic metals and its 
3 *incipal application is for sorting purposes. 

b. For the proper selection of the field strength, an understanding of 
:ie various B - H relationships is necessary. Applications of this concept 
^ elude: 

(1) Use of various field strength levels in magnetoinductive sorting 

(2) Application of d-c bias field in defect detection 

{3) Nondestructive testing and evaluation of material through 
measurement of magnetic characteristic values 

In magnetoinductive testing, the magnetizing current (primary coil 
urrent) must be set to a value which will give the greatest flux density 
etween groups. In figure 11, notice the relationships between the two 
roups A and B, If the coil current is set at point H 2 i it would be 
Impossible to distinguish between the two groups. However, by increasi 
me coil current to H2» a good separation of the two groups is possible 
ecause of the difference in flux densities, 

d. Hysteresis curves (magnetization loops) can be plotted from data 
here either slowly changing direct current or continuous alternating 
urrent was the magnetization source (figs. 7 and 8). For magnetic 
materials (iron, nickel, cobalt, or alloys containing these, such as steel 
le permeability value changes with variations in applied magnetizing 
Dree. Extremely high values of magnetizing force saturate ferromagneti 
materials to such an extent that the permeability (slope of the B/H curve) 
pproaches unity (a value of 1 - see fig, 12). This corresponds to the 
ermeability of nonmagnetic materials such as air, brass, plastics, etc, 
pplication of a very high d-c magnetic field in electromagnetic testing 
makes ferromagnetic materials appear nonmagnetic to the test coil, 
-relevant permeability variations due to, for example, cold working, do 
ot affect eddy current coil impedance and, therefore, do not create high 
ackground noise. 


When testing magnetic materials in an a-c field, increasing the 
eld strength (H) decreases the depth of penetration, d (see par. 16), 
he decrease results from eddy current shielding, Also, the magnetic 
ux stays in the higher permeability zone at the surface of the test piece, 
high a-c magnetizing force may be used to magnetically saturate the 
2st piece (thereby causing it to behave like a nonmagnetic material) and, 
t the same time, create a useful electromagnetic test signal. 
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Section IV. THEORY OF ELECTROMAGNETIC TESTING 
20. EDDY CURRENT THEORY 

The following discussion is limited to those cases where permeability {fJ,) 
is constant , and conductivity (cr) is the only variable of interest, 

a. Properties of Eddy Currents 

(1) Generation. In this type of testing, currents known as F oucault 
or eddy currents are induced in the test specimen by electro- 
magnetic induction or transformer action, Eddy currents are 

a circulating current induced in a conducting material by a 
varying (alternating) magnetic field (fig. 13). Eddy currents 
are electrical in nature and have all the properties associated 
with electric currents. In generating eddy currents, the test 
piece, which must be a conductor, is brought into the field of 
a coil carrying alternating current. The coil may either (a) 
encircle the part, (b) -be in the form of a probe, or (c) , in the 
case of tubular shapes, may be wound to fit inside the tube 
(see chapter 3 for further details on coil design). 

(2) Effect of conductivity on distribution. 


(a) The original electromagnetic field of the coil is altered 
according to the magnitude, phase, and distribution of the 
induced eddy currents, and it is the effects of these currents 
on the impedance of the coil that is measured in all eddy 
current techniques. In general, the alteration of the field 
produced by the eddy currents is a function of: 

(1_) the frequency and field strength of the exciting current; 

(^) coil-to-test specimen spacing (lift-off of probes; fill factor 
in through-coil inspection); 

(^) such coil geometry factors as coil size, type and number 
of turns and diameter of wire, and length and diameter 
of windings; 

(4) core material, 

(5) specimen electrical conductivity; 

(^) specimen magnetic permeability; 

(7) specimen geometry; 

(8^) specimen surface irregularities; 
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EDDY CURRENTS 



FIGURE 13. PRODUCTION OF EDDY CURRENTS BY AN ALTERNATING 

FIELD 
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(9) location of the specimen in the field of the coil; and 

(10) presence and location of cracks, voids, inclnsiona, and 
composite structure of the specimen. 


The eddy currents in the metal specimen also sets up its 
own magnetic field which opposes the original magnetic field. 


(b) As stated above, the impedance of the exciting coil, or of a 
second coil coupled to the first, in close proximity to the 
specimen is affected by the presence of the induced ed<ly 
currents (this second coil is often used as a convenience 
and is called a sensing or pickup coil ). The path of the eddy 
currents is distorted by the presence of a defect or other 
inhomogeneity. Figure 14 shows how a flaw both diverts and 
and crowds eddy currents. In this manner, the apparent 
impedance of the coil is changed by the presence of the defect 
This change can be measured, and is used to give an indica- 
tion of defects or differences in physical, chemical, and 
metallurigical structure. 


- Homogeneous Distribution (conductivity, a, is constant). 


( 1 ) 


Depth (skin) effect. The induced 
near the surface of the specimen 
effect. 


eddy currents are concenLratod 
resulting in the so-callod skin 


(2) Plane conductor . 

the current falls off 
the surface (fig. 15), The 

depthiOf penetration for a plane conductor glvin In ' 


8 = 


yn 


IJ, a 


frequency The sta^darH ^ becomes a function of the tost 
ductor in a uniform field is Hie Penetration in a piano coi 
equal to 1/e (37 percent) timi^ depth at which the curront ii 
standard depth for several metals ^tirfaco. Tlu 

are shown in figure 16 Charts »i u' freqvionci< 

a convenient mfans to delermine an 

tration. The diagonal lines remeV/?^T^‘° P°'t' 

resistivity (in microohm- inchesrto th ® 

permeability (ur) so that the effect of t-elaUve magnetic 
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CRACK EDDY CURRENTS 



FIGURE 14. CROSS SECTIONAL VIEW OF A BAR WITH A SMALL 
CRACK, SURROUNDED BY AN EXCITING COIL AND A PICKUP 
COIL, SHOWING EDDY CURRENT DISTRIBUTION 



FIGURE 15. EDDY CURRENT STRENGTH DROPS OFF WITH DISTANCE 

FROM SURFACE 


36 



AMCR 715-501 
Volume 2 


second (5 x 10^ cps) may be found as shown by the dotlt'd 
line in figure 16. The resitivity (p) of 2S Aluminum at 7 
{210C) is 1.15 microohm-inchesj the relative permeability 
for aluminum, a nonmagnetic material, is unity. 
Therefore, the ratio of = 1.15. Following the vciTlcal 

chart line corresponding to 5 x 10^ cps until it intersocts 
with the P/Pr = 1,15 diagonal line, the horizontal line passing 
through this intersection represents the depth of penetrcition. 
Following this horizontal line to the right edge of the cluirt, a 
depth of penetration of 0.048 inches is read. The rangt' of tliis 
type chart (fig. 16) may be extended by using appropriatt^ .scale 
multiplying factors, 


(b) The magnitude of induced eddy currents can be calculated u.sing 
Faradays' law of induction. The magnitude of the induced 
cun ents as a function of depth in a media (metal specimen) i.s 
given by the following equation (it is assumed here that tlu; mag- 
netic field of the exciting coil varies in a single periodic mtinnor) 


(c) 


'2 " "o 


where 


[^-(TTfper)^ exp j ^(27rft) - (Trfpo')^ 


Z 


o 

f = 

p = 
G = 

Z = 

j = 

t = 


current at depth Z 

current just inside surface boundary (/, 
frequency 

magnetic permeability 
electrical conductivity 
depth in media 

time 


0) 


TnTdTyltVel™ reprosontH the 

increases. The second exnn^ depth of poncH ration 

of the eddy currents at a gfven depth 

the surface. The masnitudp of to tlio pha.s{* at 

function of depth is given by a similar 

the exci't1ng°^fr!qu'?ncTcondtcU^ ''o Si'oaUu- 

less the depth at which eddv?n.7i Pf i-‘^eabiHty, iho 

metal. For nonferrous (nonf ^ induced in Iho 

of permeability (u) is gnetic) metals whose value 

magnetic units’^dlu) theVs " in electro- 

Ae desired penetration. In the c^se oVf''® achieve 

metals which have a high value of u fr^ (magnetic) 

ven at very high frequencies, is small' R^ ’ P®"®l''ation, 

small. By producing magnetic 
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FIGURE 17. INDUCTION OF EDDY CURRENTS IN A BAR BY AN 

ENCIRCLING COIL 
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saturation in the specimen being inspected, the effective 
value of the permeability can be reduced, Thus, sufficient 
peneti’ation is obtained to make possible eddy current inspec- 
tion, 

(3) Cylindrical specimens. The depth of penetration of eddy currents 
into the part basing te^ed can be controlled by selecting the 
frequency of the alternating exciting field. At low frequencies, 
for example, eddy currents can be made to flow in the entire 
volume of the bar, while at very high frequencies (as illustrated 
by the skin effect familiar in high-frequency electric circuits) 
they flow only near the surface. In figure 17, the current 
amplitudes are plotted against radial distance from the center 
of the bar for four different frequencies (proportional to the 
square root of the ka's). The curve for the highest frequencies 
(ka =10) illustrates the skin effect. 


k cxfUCx), and a = radius of the bar 

where <j = conductivity of the bar, 

/U = permeability of the bar, and 
CO = angular frequency (2 f) 

(4) Other dimensions . So far, only the dimension of depth of 

penetration has been considered out of what is actually a three- 
dimension electromagnetic system. The other two dimensions 
are determined by the physical size and shape of a coil; i. e. , 
coil geometry and field orientation. Since the exciting magnetic 
field is produced by an alternating current flowing through a 
test coil, the almost unlimited varieties of coil design afford 
an additional control of the test variables, and the size and 
extent of the test area. In testing bars, for example, coils 
that encircle the bar and are wide (fig. 18) are favorable for 
properties that are "spread-out*’; e. g. , overall conductivity, 
hardness, general porosity, or purity. On the other hand, 
narrow coils (fig, 19 ) produce what are comparatively much more 
sensitive responses to small flaws and local diameter variations 
since they restrict the region of test. Small probe coils placed 
on the top of the test piece (fig, 20) may be used when (^) very 
high sensitivity to small flows is desired, and (b) when only 
the region immediately below the surface is to be tested. These 
probe coils are also used for wall thickness measurements or 
whenever it is ^impossible to encircle the test piece with a coil. 

c^. Anomolous Distribution (conductivity, cr, is variable). Inhomo- 
neities and discontinuities act to block eddy currents, diverting the 
irrents to flow around them. This changes the effective conductivity 
i a test piece by crowding eddy currents into a relatively small volume, 
.urrents cannot pass across the microscopic voids, and in being diverted 
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FIGURE 18. WIDE ENCIRCLING COILS FOR CONDUCTIVITY 

DETERMINATIONS 



FIGURE 19. NARROW ENCIRCLING COILS FOR DETECTION OF SMALi 
FLAWS AND LOCAL DIAMETER VARIATIONS 



FIGURE 20, SMALL PROBE COIL FOR BEST SENSITIVITY TO SMALL 
FLAWS, ALSO FOR TESTING PLATES AND IRREGULARLY 

FORMED PARTS 
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the 


around them will raise the current density in the surrounding metal^ 
thereby lowering the effective conductivity of the specimen (see fig. 14). 

21. MAGNETOINDUCTIVE THEORY 

The preceding discussion on eddy current theory was limited to those cases 
where the permeability factor was assumed constant and the only variable 
of interest was conductivity. The following discussion will be concerned 
with those cases where the permeability (ju) predominates (i. e, , the 
variable of interest). Although conductivity is also variable, in these 
cases, its effect on test considerations is small and is neglected. 

Properties of Induced Magnetism (Alternating Current) 

(1) General . When eddy current type apparatus is applied to 
ferromagnetic materials, the magnetic properties of the 
material frequently influence the instrument readings and must 
be considered in interpreting the results. The method dealing 
with electromagnetic -tests, where permeability (m) is the pre- 
dominant variable is called the magnetoinductive method. 
Although the magnetoinductive (/U variable) and eddy mai^ent 
(a variable) methods are similar in theory, effects due to 
permeability changes can be distinguished from those due to 
changes in conductivity. In some tests, magnetic properties 
merely alter the scale of readings but the test itself still depends 
on differences in some electrical property such as resistivity; 
other tests, however, depend on differences in magnetic 
properties. The following discussion is limited to these latter 
tests , 

(a) Generation. The basic principle of magnetoinductive theory 
is intimately connected with the basic principles of eddy 
current testing. An alternating magnetic field is usually 
produced by passing an alternating current through a test 
coil. The object to be tested, in this case a ferromagnetic 
material, is then placed in or near the coil, (The specimen 
in eddy current testing, it will be remembered, was either 
nonmagnetic or magnetically saturated to behave nonmagneti- 
cally; i. e. jJ, ~ 1). Here, the total energy loss will occur by 
two separate processes: 

(JL) losses due to eddy currents, and 

(^) losses due to magnetic characteristics. 

These two phenomena together are called core loss, 

(_b) Eddy current loss - see paragraph 20, 

(£) Hysteresis loss ~ see paragraph 15. 
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(_d) Core loss . Core loss is the combination of eddy current and 
hysteresis losses. In some apparatus, the change in self 
inductance of the coil is measured; in others, a second coil 
is provided and the change in the signal from this coil due 
to the ferromagnetic test piece is observed. The latter 
arrangement yields signals which are easier to interpret 
since they are separated from the primary signal. The re- 
sults are also simplest to understand, although not necessarily 
the most useful or most easily produced, if the signal is so 
arranged as to give the actual hysteresis loop of the sample. 
Instead of comparing hysteresis loops one with another, a 
better and more useful method is to have separate coils and 
circuits for each sample. If two samples are compared, 
the trace on the oscilloscope will be a straight line if the two 
samples are identical. If the samples are not identical, any 
differences between them will produce deviations from this 
straight line (see chapter 3). In general, eddy current effects 
increase with increasing test frequencies. Therefore, most 
magnetoinductive testing is carried out at the lower frequencies 
such as 60 cycles per second. 

(2) Effect of permeability on magnetic flux distribution . 

(a) Eddy currents are crowded into a smaller volume when passing 
” around flaws and discontinuities. The magnetic flux, on the 

other hand, is not affected in exactly the same way. The 
discontinuity will cause a redistribution of the flux. The 
largest portion of the flux will bend around the crack into the 
solid metal, and the remainder (a small portion) will pass 
through the discontinuity. In the case of a surface disconti- 
nuity, a small but detectable portion of the flux will pass 
outside the metal. This is called leakage flux. 

(b) As shown in paragraph 15, an increase in magnetic permea- 
““ bility will decrease the depth of penetration of the magnetic 

field. This will cause a fall -off in sensitivity to subsurface 
flaws. The bulk of the flux distribution will then be in a 
small volume near the surface of the test piece, 

b. Magnetic Saturation. 

(1) Direct current magnetization . The term saturation is used to 
describe the condition of a ferromagnetic material at maximum 
values of magnetization. Normally, a direct current magnetic 
field is applied to the test part to bring it to a point where the 
ratio of a change in induction to a corresponding change in 
magnetizing force almost equals unity (i. e, , M “ !)• When this 
happens, the sample behaves like a nonferromagnetic material 
and irrelevant permeability variations, such as those due to cold 
working, will not affect eddy current coil impedance, thereby 
lessening the incidence of high background noise. 
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( 2 ) Alternating current s aturation . A high alternating current 
magnetizing force may be used to simultaneously a a titrate 
(magnetically) a test piece and create an eddy current wigiial 
for flaw detection equipment. This technique is especiaHy 
useful for testing cold drawn material. 


(3) Demagnetization. 


(a) All ferromagnetic materials that have been magnetically 
saturated will retain a certain amount of the magnilization, 
called the residual field , when the external magnetizing force 
has been removed, This residual field may be large or Hinnl 
depending on the nature of the magnetizing force applied. 

(b) Demagnetization is necessary, in general, when the rcMidual 
field in an object: 


may affect the operation or accuracy of ins t ruin on tn whou 
it is placed into service; 

(2) may interfere with the proper functioning of the part; 

0 might cause particles to be attracted and held to the surface 
of moving parts, particularly parts running in oil, thereby 
causing undue wear; and ^ 

itr6nglL*° inspection of the pan at low fiolcl 

well unLrstoodtn fV . should, thei-ofoi-o, l,o 

removal of the residuh field^'Jf’anv 

iieia in any given case, 


(d) 


frlnTcilmnr/Lrsed parto. One 

of the current used to consideration of the chantetor 

current could be altLnatina ‘l«niagnetis5ing field. This 
or at other ^pec^f/^f f-quonc-y 
suitably decreasing and reversing direct current, 

demagnetization in one decrease i’nri 
oscillatory in character; or iroould u ■ “ 

alternating and direct currents ^ , ■ °°'^i>»«ation of 
the voltage can be interruoted at cyclic current leading 
ensure demagnetization. This is® P^®^®ip'iiiined point to 
Another method is based on the i/A*® spHl-cyolo method, 
for demagnetization, with narH,^? °f wagneUc field used 
jn Which it is producerand'^te 

■ « this method the magnetic field c«te prolcerbyt'"' 
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(_1^) passing current directly through the test piece. 

(2) using a central conductor, 

(2^) use of an external winding, or solenoid, having the part 
to be demagnetized as its core, 

(^) using a yoke, or bipolar, electromagnet, the core of which. 
can be in the shape of a "C", or 

(5) use of a monopolar electromagnet or radial field. 

Many excellent references on the use of these various tech- 
niques are available, 

(e) In summary, it is sufficient to say that the need for demag - 
”* nelization must be determined, The proper method should 
be selected that will give the required degree of removal of 
the residual field. Finally, the proper equipment and tech- 
niques must be used to get satisfactory demagnetization. 


22. THEORETICAL ANALYSIS OF ELECTROMAGNETIC TEST DATA 
a, Gene ral. 

(1) General. Electromagnetic theory establishes quantitatively the 
dependence of the resistance and reactance (R and COL) of the 
test coil on the conductivity (§) and the dimension and position 
of the test piece. Theory also provides a set of curves from 
which a measured resistive and reactive change in the test coil 
may be translated into a change in conductivity and/or dimen- 
sions (or conductivity and/or position) in the test piece. Prior 
to presenting some typical curves, useful in analyzing test data, 
some general terminology and brief descriptions of the terms 
used will be introduced. 

(2) General terminology. 

(a) Impedance diagram. There is an apparent change in impedance 
“ when a test coil is brought near a conductor. The reason for 
this apparent change is quite complicated and is affected by a 
large number of variables. Changes in the impedance occur 
in both amplitude and phase. A plot of variations in ampli- 
tude and phas e of the coil impedance, which is directly related 
to the electromagnetic field, is known as an impedance diagram 
of the coil. To eliminate any dependence upon particular 
construction or geometry of the coil, the impedance plane 
graphs are normalized. This is done by using the ratio of 
inductance of a coil with a specimen to the inductance without 
a specimen (L/L^). 
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(b) Characteristic freq uency (fc). Detailed invcHtigaUcmH l>.iv( 
"■ shown that when impedance plane diagrams are ploUocl in 
terms of a parameter the value of this parameter ran b 
expressed by the equation 


c “ ^2 

TT O/J D 

where o = electrical conductivity in mho/niotor 

/u = magnetic permeability in henry/ mti Lor 
(equal to 477- x 10“^; the permoab lUty of 
nonmagnetic material) 

D = sample diameter in meters 

(c) The law of similarity, By using the ratio of test frocjnoiH’y 

to characteristic frequency the impedance piano 

curves can be used for materials of any conductivity, pormc 
bility, and diameter. In choosing a lest frequon(.;y, it if) on! 
necessary to select a value of f/f^ which lies in (lio linear 
range of the impedance plane. This is called LlHiJay/j)!’ 
similarity. 

(d) Fill factor . The fill factor (N) is equal to the ratio of tlu! 

square of the diameter of a cylindrical test spocinion to tin* 
square of the average diameter of the encircling coil. In 
probe coil testing, the effect observed in the Lest .system 
output (due to a change in magnetic coupling botw(HJn a l(‘.s! 
specimen and a probe coil whenever the distance of vsc*parn- 
tion between them is varied) is referred to as the lift-off 
effect. ~ 


b. Nonferromagnetic Materials . 

(1) Cylindrical specimens (encircling coils). 


(a) 


^ diagram for a lest coil encircling n 

diagram /b"'' 21. In thin 

two^auariVaf ^ values have been ruHolvocl ini 

r^isStt oof ® ‘he reactive componcmt ajul the 

to eliminate anvf ” ’ a hese components have boon normal i 
lotive Su cafhe f ® f ®°nfiguratlon. The re- 

and soeeff en d,f u in tl,c coil 

foaistive axis ca/fe rel^erto 

specimen during each cvTll When t « ‘'>o 

electrical cond^tTvitv li e “‘f spec Wn has r.oro 

will be induced K th^’ f' a' ' no oddy curron 

to some finTte value eddv"f ^ ^'''f specimen inorean, 
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. IMPEDANCE diagram FOR COIE ENCIRCLING SOLID 
CYLINDRICAL SPECIMEN 



FIGURE 22. TEST IMPEDANCE IN DEPENDENCE OF f/f^ FOR 
NONFERROMAGNETIC MATERIALS { 1) 


,CTIVE COMPONENT 
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RESISTIVE COMPONENT 


FIGURE 23. IMPEDANCE PEANE FOR COIE ENCIRCLING A 

METAL ROD 
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(1) The induced eddy currents will create their own electro- 
magnetic field which will oppose the field of the coil. 

(2) The effect of a nonmagnetic specimen is to reduce the 
stored energy per cycle and, at first, to increase the 
dissipation of energy in the form of heat. As the con- 
ductivity is further increased, the reactive component 
decreases; however, the resistive component first in- 
creases to a maximum, and then decreases. 

The family of similarly shaped curves shown in figure 21 
was obtained by varying the spacing, or coupling, between 
the coil and the specimen. The curves are similar in shape, 
differing only in size and orientation, 

(b) An impedance plot for varying f/f ratios is shown in figure 22. 
In this graph, the phase between the conductivity and the rod 
diameter axis is essentially constant from 9 — f/fc “ 100. By 
using the ratio f/f^» this curve can be used for values of con- 
ductivity, permeability, and diameter. [Figure 23 shows an 
impedance plane for a test coil encircling a metal rod. In 
this figure, the solid curves were generated by varying the 
ifi (2 ratio for three different values of fill factor. The dashed 
curves represent the change in impedance resulting from a 
change in specimen diameter for several values of iji^. The 
dashed curves are not straight lines because the quantity 
varies inversely with the square of the specimen diameter. 

(c) There are several facts of importance regarding the impe- 
dance plane of figure 23. It should be noted that as the diameter 
ratio (i/) is reduced from u - I (the hypothetical case of equal 
rod and coil diameters), the size of the impedance curve 
decreases inversely with the square of the diameter ratio, 
Thus, the amount of impedance variation produced by a given 
change in conductivity will be reduced directly as the square 
of V, Therefore, it is desirable to maintain the fill factor 

as large as possible to achieve the best sensitivity. Varia- 
tions in diameter and f/f ratios produce impedance varia- 
tions which, when measured from a given point in the impe- 
dance curve, occur at different phase angles. There is an 
angular displacement between the two effects. 

(2) Plate (slab) specimens. 

(a) A testing coil system commonly used to measure conductivity 
is the small surface-probe coil. This system is much more 
difficult to analyze than the encircling coil system, The probe 
coil is very versatile since it may be applied to a variety of 
shapes and sizes. The coil arrangement usually consists of 
one or more coils whose axes are perpendicular to the metal 
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surface such that the current-carrying wires compos iiig ll: 
coils are approximately parallel to the specimen .surface, 
practical testing purposes, the use of more than one coil 
seldom produces an advantage over the single v.oil. 'X'horc 
only the case of a single coil will be considered. 


(b) There are a large number of interrelated variablcH wUi(’h 
determine the impedance of a small probe coil in 
with a metal surface. Many of these do not lend tln.uv\fiitlvc 
readily to analytical methods. Therefore, the empirical 
method is most effective in studying the par antic tors of an 
eddy current probe coil system. Although the impedance 
variations of a probe coil in proximity with a motal sheet o 
finite thickness is somewhat similar to that of the cnclrcUu 
type coil, mathematical analysis becomes largely impraclii 
because of the large number of variables involved, and iinj> 
dance curves must be used entirely. 

(3) Irregularly shaped specimens . In general, the I'ctdius of curvi 
ture of a concave surface must be below a certain miniminn va 
(e. g, , 20 inches) to avoid reducing the accuracy of mcias\iro- 
ments. On convex surfaces, a minimum radius of c’urvalurtt' 
of about 4 inches can be tolerated. On round .stock, a fixture* 
should be used to ensure that the probe is placed in Llm .setinc 
relative position on each sample. 


,fi' y py.— Materials. The complex impedance plane for the r. 
n? N n e entirely fills the tost coil (nil far- 

,o’ shown in figure 24. It can be seen that the .shape aiifl orient 

non of these curves are extensions of the curves for nonforrous , ,' 10 ,.“', 
aking into consideration the additional variable, relative pc rmelhiiuy 


application of electromagnetic PRINCIPLE.S 

cd magnetism' were^presented"'^^^^*^^^(t,^"'^‘*’^®® electrical eoiidufliv 
■g with the electromag^tTc properUeVoV iniportant asport.s deal 

.ainder of the chapter^briefly outlined eoils were discussed, The re- 
tsic impedance plane diagrams uresented theory witli hoi 

round. More detailed informatiL on theVbo®"'® ^ broader general hack 
■umerous references presented at A 1 t V Sivon in the 

chapter (chapter 3) wLl enumerate thl pamphlet, The ne.xt 

sue electromagnetic test systems and toT*^^ principles pertaining to 
Bauiration. wave type, ae^ction \“fal 
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phase discrimination, hai'monic analysis, and signal utilization. The 
xriaterial presented in chapter 3 is intended to serve as a link between this 
chapter and chapter 4 on applications. Many of the items, such as test 
coils, touched on only briefly in this chapter, will be discussed in more 
detail in the next chapter to give a broader understanding of the appli- 
cability of electromagnetic test methods. 



JTIGURE 24. COMPLEX IMPEDANCE AND VOLTAGE PLANES FOR 
FERROMAGNETIC CYLINDERS WITH VARIOUS RELATIVE 
PERMEABILITIES (FILL FACTOR; N = 1) 


49 






AMCR 715-501 
Volume 2 


CHAPTER 3 

PRINCIPLES OF ELECTROMAGNETIC TEST SYSTEMS 


Section I, GENERAL 


24 . GENERAL 

a. An electromagnetic test system is actually a collection of subsys- 
tems working in conjunction with each other to extract specific data from 
a test. The three subsystems which generally make up the complete test 
systems are; 

(1) the sensing elements system including both excitation and 
detection; 

(2) the signal handling system; and 

(3) the signal utilization or readout system, 

When a test specimen is placed in an alternating magnetic field, certain 
physical effects take place. It is the function of the test system to pro- 
vide the proper alternating magnetic field, detect and measure the physi- 
cal effect, and to produce the desired information in some usable form. 

b. A test system need not be complex or exotic; it may be quite simple, 
The ordinary radio broadcasting cycle can be thought of as containing all 
the elements of a test system. The broadcasting station uses its trans- 
mitting antenna (excitation) to generate the required alternating magnetic 
field, A radio uses its antenna (detection) to sense the field, The cir- 
cuits within the radio amplify the high frequency signal and transform it 
into a low frequency signal ( signal handling ). The radio speaker converts 
the low frequency signal into the speech and music which is heard ( signal 
utilization) . 

c. It has been stated that the metal test specimens may have both mag- 
netic and electric properties. Here, metals are classified into two broad 
categories: ferromagnetic and nonferromagnetic, The test systems are 
classified in a similar manner. Test systems which measure the mag- 
netic properties of a metal will be referred to as magnetoinductive , and 
those systems measuring the electrical properties of a metal will be 
called eddy current systems, 

25, MAJOR CONSIDERATIONS 

a. Test systems are usually designed to fulfill a particular need, The 
facFors which determine the choice of a system are just as important as the 
test system itself. In selecting or designing a test system, certain 
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determinations must be made to ensure that the correct system is bcinf 
-iDiilied on a particular problem. The following are examples of some 
oi the questions which must be answered. 

(1) Is the test material ferromagnetic or nonferromagnetic? 

(2) For what condition or property is the material to bo examinee 
(e. g. , cracks, alloy composition, heat treatment, thickness, 
etc. ) ? 

(3) Does the condition or property of interest cause a change in 
either (s^) conductivity for nonferromagnetic matei’ials, or 
(_b) conductivity and/or permeability for ferromagnetic 
materials ? 

b. In this chapter, each subsystem will be dealt with both individual! 
and as an integral part of the complete test system, with the einpliasis c> 
sensing systems and coils. Since the signal-to-noise ratio determine h 
the feasibility of solving a given problem with a particular test system. 

It will be discussed in some detail. Also, some typical test problems 
and their solution by proper instrumentation will be given. 


Section II. SUBSYSTEMS 
16. SENSING ELEMENTS 
a. General. 


( 1 ) 


( 2 ) 


he function of the sensing elements is to generate a Huitable 

eausTd field and to detect the physical reactions 

understaLincr nf ib' ■ discussion of sensing eleineiitH, an 
nderstanding of the inherent properties of coils is of prime' 

importance as they are related to electromagnetic lest'inr 
The simplest form of coil, and the one most widelv used as a 

forms the toLnoid ^“-<1 Unit 

alternating magnetic ^^‘d current will cause an 

This points upLo ve rv imuortl'f <“8- 2S) 

coils. ^ properties associated with 


(a) 


(b) 


ing magnetic fLldlrouiJd fteTotlucmr,'" nd ‘ 

magnetic field, will 

back to fig. iQ). ^ Y currents) induced in it (refer 
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FIGURE 25» SOLENOID COIL SHOWING MAGNETIC FIELD AROUND 

COIL 
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The magnitude and direction of the alternating magnetic field 
is not the same for all coils. The coil parameters and the 
frequency and magnitude of the applied a-c current will deter- 
mine the properties of the alternating field. 

(3) The significant property of a coil is its impedance (Z). Impe- 
dance is a rather involved principle. It is a measure of the coils 
opposition to current-flow through it, and is affected by many 
things. If a metal specimen is introduced into the magnetic 
field of a coil, eddy currents set up in the metal will alter the 
coils magnetic field, thus causing a change in the coils impe- 
dance. This change in impedance is a measurable' quantity. 

How it is measured is shown in section III of this chapter. The 
question to be considered here, however, is what actually causes 
the coils impedance to change and how it changes. 


b. Coil Operation. 

(1) To illustrate the actions which take place in sensing elements, 
consider the case of a solenoid wound with a primary winding 
for excitation and a secondary winding for detection. A cylindri- 
cal aluminum specimen is then inserted into the coil. In prac- 
tice, the secondary is wound on a form (usually mi carta or some 
similar material), the primary is wound on top of the secondary, 
and the whole structure is placed in an enclosed case, Figure 
shows the solenoid coil in its finished form with the metal speci- 

men in position. The sequence of events that now takes place 
IS as follows; ^ 

(a) an alternating current is supplied to the primary windinc of 
the solenoid coil; ^ 

- Xne\?c"fleri; alternating 

Irv ^ second- 

ink: 

® specimen create their own 

ro suitable instrumentation reads-out the coil impedance. 
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Since the density of currents that are induced in the aluminum 
are a function of the aluminum's properties (i. e. , alloy, hard- 
ness, heat treatment, grain size, etc.), the sequence of events 
described above converts the material properties of interest 
into an electronic signal. The reason for this becomes clear 
when it is realized that all the properties mentioned affect the 
conductivity of the aluminum; in turn, the conductivity of the 
aluminum controls the density and distribution of the eddy 
currents . 

(2) Metals have been grouped into two broad categories: non- 
ferromagnetic and ferromagnetic. The aluminum specimen 
used in the example is a nonferromagnetic material. The 
foregoing sequence of events would be changed if a ferro- 
magnetic material, such as steel, were placed in the solenoid 
coil. Steel, like aluminum, exhibits a conductivity variation 
when one of its properties{e. g, , alloy hardness) changes. In 
addition, steel will exhibit a change in permeability for changes 
in properties. Since permeability is a magnetic quantity, it is 
reasonable to expect that it would have some effect on the coil's 
operation. The conductivity and related eddy current effects 
are substantially the same as outlined in the sequence of events 
for the aluminum specimen. The additional effect of perme- 
ability variation found in steel specimens causes a change in the 
coil inductance which results in a variation in the coil imped- 
ance, The instrumentation monitoring the secondary coil takes 
an algebraic summation of the variations in coil impedance 
caused by changes in conductivity and permeability. It is 
evident that ferromagnetic materials complicate the test pro- 
cedure by adding another quantity to the coil impedance. Hence, 
there is a need to separate the test systems into two distinct 
types. Table V (chapter 2), shows a comparison of the quantities 
used in nonferromagnetic (eddy current) systems and ferromag- 
netic (magnetoinductive) systems. 

c. Types of Coils, 

(1) The sensing elements are the key factors in eddy current sys- 
tems. The coils which make up the sensing elements must be 
capable of producing a measurable change in their character- 
istics which can be related to a change in the test objects' 
properties. Since test objects come in many shapes and sizes, 
it can be expected that sensing elements will also come in 
various arrangements. Some considerations which affect the 
choice of coil types are: 

(a) shape of specimen - rod, tube, sheet, etc, ; 

(b) type of discontinuity or variable - crack, void, heat treat- 
ment, etc. ; 
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(c) speed and percentage inspection required; 

(d) location of discontinuity or variable - surface, subsui*face, 
~ inside diameter, outside diameter, etc, ; and 

(e) suitability of local as opposed to overall lest depending on 
~ whether the discontinuity or variable can be found at all 

points on the test object or as a random occurrence. 


(2) The most common types of sensing elements used in eddy curr 
test systems are: 


(a) feed-through encircling coils, in which test objects si;ch as 
rods, tubes, rolled shapes, wire, and other objects are 
passed through a hole within the test coil (fig. 27), 

(y inside diameter (ID) test coils, which are inserted within 
cavities such as the interior of tubes or drilled holes (fig, 2 
and 


(£) probe or surface coils which are placed on the surface of 
test objects (fig. 29 ). 


Advantages and Disadvantages of the Three Types of Coils. 

(1) For the feed-through coil, the advantages are its ability to: 

(a) evaluate an entire circumference at one time; (b) function 
at speeds of ten to one thousand feet per minute; and (c) not 
wear out easily. Its disadvantages include: (a) its inability 
to identify the point on the circumference containing the dis - 
continuity, (b) at least one end of the part must be accessible; 
and (c) the information derived from the coil is subject to 
changes in mass, etc. 


^ ft® it can evaluate long tul; 

checked optically; and (b) it can be used at h 
peed Its disadvantages include: (a) its inability to work oi 
curved surfaces; and {h) wear problems. 

(3) The advantages of the probe or surface coil are’ (a) it norm 

orcharao‘tLfsdc\°''^“^®V°"®' ® excellent Tor evaluat 

sLce fo^ w f <=> be used who,- 

V ♦ ^ Its disadvantages include’ (a) i 

ftmfsuKclt^ratrr" be^cannidflb) '-’lif' 

effects., create a nreasl\‘:r:erp^:oblTm " 

f°P^oduc-iTilS^Sn^;urement°e^^^ be arranged In various 
ie arrangements are; iiects, The most common of 
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FIGURE Z7, TYPES OF ENCIRCLING COILS USED IN COMMERCIAL 

EQUIPMENT 



FIGURE 28, EXPERIMENTAL PROBE COILS - INSIDE DIAMETER 



FIGURE 29. COMMERCIAL SURFACE PROBES - OUTSIDE DIAMETER 
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(1) resonance -circuit methods, in which the test coil is part of 
resonant circuit within the test system; 

(2) differential coil arrangements with a reference coil (in this 
method, the voltage measured from a coil containing tho ohj 
to be inspected is compensated by the voltage of a second co 
containing a standard test object - see figure 30); and 

(3) self-comparison, differential coil arrangements in which twi 
coils located at two points on the same specimen compai'c oi 
portion of the test object with another portion of the test obji 
{fig. 31). 

27. SIGNAL HANDLING 


a. The signal handling portion of a test system is the most difficult 
understand. Signal handling circuits must select the desired inforrnatit 
from the bulk change in coil characteristics (impedance) caused by vari 
tions in the test object. For example, the coils scanning an alurrjinuni 
will undergo impedance changes caused by variables (heat treatment, g 
size, etc.) which are of no concern to the test. To complicate the prob 
further, coil impedance changes for variables of no interest may be grt 
than the changes produced by variables which are of interest such as cr 
Dr other defects. Signal handling circuits must, therefore, be selective 
Ls well as sensitive when unrelated variables influence measurements. 
The three major quantities upon which signal handling circuits operate 
are a naplitude, ph^, and fre^ency . By using these three quantities i 
di erent combinations, test information can be made usable. When tes 

variables, straight amplificalioi 
IS all that IS required by the signal handling system. 

the^oll^wlng.^'*^^’ handling subsystems can be classified as one o 

indicates only the magnittul. 

or rftrp K *" ‘u® impedance regardless of the plia, 

diiection in which it occurs on the impedance piano (fig. ■ " 


( 2 ) 


reactance ( t) S r “ which changes in i„cl 

reactance ( u L) are of interest without regard to fiances i 

resistive component of the total impedance Usuallv fhe c 
in the inductive reactance of ^ -i ^suaiiy, the c 

the inductance^ to^r el is^^^ phase angle, or rati 
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FIGURE 30. DIFFERENTIAL COIL ARRANGEMENT - EXTERNAL 

REFERENCE 
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FIGURE 32. SIMPLIFIED DIAGRAM OF IMPEDANCE - MAGNITUni?: 
TEST INSTRUMENT WITH BRIDGE CIRCUIT AND TWO PIUCMARY 
COILS, USING COMPARISON STANDARD TEST SPECIMEN 



^GURE 33. INDUCTIVE REACTANCE SIGNAL PROCESSING CIRCUI'I 
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FIGURE 34. BASIC OSCILLATOR CIRCUIT USED IN FEEDBACK- 
CONTROLLED IMPEDANCE TEST SYSTEMS 


Ti 



FIGURE 35. IMPEDANCE VECTOR ANALYSIS SIGNAL PROCESSING 

SYSTEM 
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In addition, all of these subsystem types may include circuits which su 
press the indications caused by undesired test object variables. 

28, SIGNAL UTILIZATION (READOUT), 

Many methods are used to present electromagnetic lest indications to a 
observer or to automatic selection or control devices, The type of voa 
out subsystem to be used is based on the type and amount of informalioi 
required from the test, the type and arrangement of the sensing elcmen 
and the operational characteristics of the signal handling subsystem. 
Figure 36 shows one type of readout device. Some of the more commoi 
methods are as follows: 

a. Calibrated and uncalibrated meters 

b. Direct numerical (digital) readout 
£. Null meter with dial indicator 

Oscilloscopes 
(J) Lissajous (ellipse) 

(2) Sine wave 

(3) Flying dot 

(4) A-scan 

(5) Hysteresis curve (B-H loop) 
e. Alarms, lights, etc. 

i- Defect marking systems (paint spray, dye marker, etc. ) 

Sorting gates 

h. Automation and feedback (process control) 
i- Strip chart and X-Y recorder. 


19. general. 

t 
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figure 36, X-Y RECORDER READOUT 
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30. TEST FREQUENCY. 


a. Since there is a wide range of frequencies available in modern 
ele'ctromagnetic test equipment, the question often arises as how to 
choose the proper frequency for a given test. Figure 37 shows the 
frequencies commonly used for different test problems. However, the 
frequency ranges shown do not always hold, since there are other con- 
siderations affecting the choice. Among the most important of these is 
the "skin effect" (effective depth of penetration). The effective depth of 
penetration is defined as the depth at which the electromagnetic field 
strength has dropped to 36. 8 percent (1/e) of its value at the surface, and 
is expressed as 


where 


V TTfO/U 

S = effective depth of penetration 
f = test frequency 
CT = conductivity 
fA = permeability 


b. Figure 38 shows how frequency varies with depth of penetration for 
selected materials. It is obvious that in order to detect discontinuities 
that lie below the surface, the test frequency should be chosen so that the 
defects lie within the zone of effective depth of penetration. On the other 
hand, in making measurements on thin sections, the test frequency should 
>e chosen so that the effective depth of penetration is less than (one half 
o one third) the thickness of the test object, otherwise errors in the 
neasurement will arise due to variations in test object thickness. When 
irobes are used as sensing elements, the frequency can be chosen to mini 
mize hft-off errors caused by variations in probe -to-test object spacing. 


.V- (encircling) coils are used as sensing elements 

Com^ (f) for a specific applLation. 

Complex impedance voltage and effective permeability curves for many 

Test f/f worked out and can be found in the literature. The 

^ ^ material can be taken from these curves and 

other theoretical and empirical data, and the characteristTc frequLcf of 
1 test object can be calculated from tiequency ol 


n2 

oD ju 


^here f = 
c 

a = 
D = 

^ = 


characteristic frequency in cycles per second, 

electrical conductivity of test object in % LACS, 

diameter of test object in inches, and 

magnetic permeability of the test object ( u = 1 for non 
magnetic materials) J I M i loi non- 
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FIGURE 37. FREQUENCIES USED FOR VARIOUS TEST PROBLEMS 



10 2 


FIGURE 38. RELATIONSHIP BETWEEN DEPTH OF PENETRATION IN 
VARIOUS METALS AND TEST FREQUENCY (PLANE CASE) 
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Multiplying the f/f^ ratio that has been selected, by the calculated 
ySds the proper tist frequency to be used for a given problem. 

d From experience, certain f/fj, ratios are known to be best for cer- 
tai^apSionr In tubing inspection, where conductivity variations are 
of interest, an f/f, ratio of 6. 25 is a good choice 

inspection for defects is the application, a ratio f/^c °f . ti- 

good results. To evaluate diameter variations in tubing, a good 
is 100 The frequencies found to be most suitable in particu ar app - 
tions ^re by no means exact quantities. Generally, there is ^ range of 
suitable frequencies centered around the optimum frequency that will give 
satisfactory results. In practice, test systems are provided with circuits 
that allow any frequencies to be chosen over a wide range. Other system 
of a specialized nature, come with a single fixed frequency which is an 
optimum for a particular type of application. 

31, COUPLING 

a. Another important test system factor is coupling. In systems wher 
encircling coils are used, coupling is known as the fill factor (N). In 
systems where probe coils are used, it is known as lift-off. 


b. In systems using encircling coils, the fill factor is expressed as 

,.2 

N = 


D' 


vhere N = fill factor, 

D = diameter of the test object, and 
d = diameter of the coil. 


The complex voltage and impedance planes upon which much of test system 
design is based, include the fill factor quantity. This is expected, since 
a variation in fill factor can be viewed (assuming constant coil diameter) 
as a variation in the diameter of the test object. For best sensitivity, the 
fill factor should be as high as possible; i. e. , the test coil should fit the 
test object being examined as close as possible. Figure 39 shows aai 
example of good and poor fill-factor practice. 

Cj In test systems where probe coils are used as sensing devices, 
oupling is referred to as lift-off. Lift-off is manifested by signal varia- 
ions in the readout circuit caused by changes in impedance in the probe 
'.oil due either to rocking of the probe, or to poor test object surface 
•onditions, It must be pointed out that lift-off is not always undesirable, 
^.ctually, a whole area of test system design is based on the knowledge 
hat the coil impedance will vary as the spacing between the test object 
nd probe coil varies. Systems designed to measure the thickness of non- 
"netallic coatings on a metallic base use this principle. 
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FIGURE 39. ILLUSTRATION OF GOOD AND POOR FILL FACTOR 
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FREQUENCY (f) 



FIGURE 40. LIFT-OFF COMPENSATION AS A FUNCTION OF 

FREQUENCY 
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d. In test systems where lift-off effect is undesirable, two methods 
are^generaliy used to compensate for changes caused by variations in 
probe-to-test object spacing. They are: 

(1) the variable frequency method, in which the excitation frequency 
driving the probe coil is adjusted to a value that gives the same 
probe impedance in air, as on good material, but a different 
probe impedance over a variable of interest (crack, seam, etc); 
however, this must be done after checking the effect of the fre- 
quency change on other factors such as depth of penetration 
requirements (see fig, 40), and 

(2) mechanical fixture method, in which the probe coil is held a 
fixed distance from the test object by a suitable mechanical 
arrangement, 

32. FIELD STRENGTH 


a^, In connection with magnetoinductive test systems, when ferromag- 
netic test objects are to be examined, there is the special problem of 
selecting the proper field strength. In chapter 2, the relationships between 
the magnetic characteristics and the physical properties of test objects 
were pointed out. In sorting applications where the test objects are ferro- 
magnetic, the test system will provide information based on both pei’ine- 
ability and conductivity variations. If the sorting is based on permeability 
variations, special considerations are necessary. Since permeability is 
lot a constant, but depends on field strength, it is entirely possible that 
le wrong field strength might make a sepe ration based on permeability 
npossible. Referring back to figure 11, notice that at field strength Hi, 

,e normal induction curves of test object A and test object B cross each 
ther. At field strength H 2 , the induction curves are separated. This 
hows that if field strength Hi were used to sort test objects A and B, the 
est coils would see no apparent magnetic difference in the two test objects, 
md the output indication would be the same for both pieces. On the other 
lan ,1 le^ d strength H 2 were used, the test objects would show a differ- 

^ properties, resulting in a change in output indication 

when test objects A and B are alternately placed in the coil. 

ferromagnetic speci- 

■ired thf 1C permeability variation contains the information 

ired, the following points should be kept in mind. 

subjected to, is 

determined by the level of coil current in the secondary. 

levef esSbUshe^J h magnetizing force 

nux de-it^(Br determines the 




The value of flux density in thp fpest j ^ 

of voltage induced in the secondlry coh determines the level 
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The value of induced secondary voltage determines the indica 
tions in the signal utilization subsystem. 


adds up to the fact that the readout is directly related to the ap- 
^^a^gnetizing force. 


jia discussing operating field strengths for magnetoinductive system 
several other factors should be mentioned which must be consid- 

^ 1 QT f 

selecting the proper field strength levels. When the operating field 
in a magnetoinductive system is increased, the depth of penetra- 
title magnetic field into the test object is decreased due to eddy cur- 
permeability gradients. Hence, when good penetration 
Ved ^ value of magnetizing force should be selected. However, 

stubby test objects are placed in encircling coils, there may 
b^ olai^tzation effects caused by the magnetic poles that are formed at 

0 t object's ends. In such cases, it is often necessary to operate at 
higi^ .^ 3 ,lxies of field strength to overcome this apparent self -demagnetiza- 
tiorx o-f part, 


Section IV. THE SIGNAL-TO-NOISE RATIO 


33. OKilNfERAL. 


a,. The concept of the signal- to -noise ratio is important in eddy current 
ant3r”m.ELgnetoinductive test systems. The signal-to-noise ratio will deter- 
iTiine tTie feasibility of solving a given problem with a particular test system. 
''Signal*'' is here defined as the indication in the signal utilization (readout) 
s \it> s yr s hem produced by the relevant variable or discontinuity of interest. 
''IMoisei** is defined as that indication in the signal utilization (readout) sub- 
systeTTn produced by irrelevant background conditions. Consider the situa- 
tion wTiere an eddy current test system, using feed-through coils, is 
e>c:a-mining copper tubing for cracks. The diameter of the copper tubing 
vai-'ios (within production tolerances) throughout its length. The indications 
caused l)y a crack in the tube are the "signals", while the indications caused 
t>yr <3.1a. raneter variations are the "noise" (fig. 41), 


In a magnetoinductive test system using a probe coil to evaluate heat 
tr eatxar^esnt effects, permeability variations due to residual stresses are 
T^nesent. The indications caused by heat treatment effects are the 
' * s , while indications caused by areas of residual stress are classified 

gu& *'hi.oise". In most electromagnetic test system applications, a minimum 
^X^taLble signal-to-noise ratio of 3 to 1 is required for reliable inspection, 
ihneans that the "signal" indication in the readout circuit should be at 
times larger than indications caused by "noise", When a test 
does not produce at least a 3 to 1 signal-to-noise ratio, it is not 
^ to proceed with the test. This does not mean that the problem 

be resolved, however, for there are special techniques available 
Clan be used to improve the signal-to-noise ratio. 
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(c) INTERMEDIATE FREQUENCIES 



(d) VERY HIGH FREQUENCIES 


FIGURE 41. APPEARANCE OF THE SAME OUTPUT SIGNAL WHEN 
SUBJECTED TO VARIOUS DEGREES OF FILTERING 
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34. improving the SIGNAL -TO -NOISE RATIO 

a, "When it becomes apparent that a test system is not capable of solv- 
given problem due to a poor signal-to-noise ratio, there are certain 

*^odifi cations that can be made on the test system which may result in an 
inripT-oved signal-to-noise ratio. It should be noted that increasing the 
sensitivity of the test system will not help, since increasing the amplifi- 
cation of the signal also increases the amplification of the noise which does 
change the ratio. 

b. Several areas of modification have already been presented. The 
lac-tors introduced as test frequency, coupling, and field strength, which 

used in the initial design of a test system, can also be altered in a 
special way to improve the signal-to-noise ratio of the system. Actually, 
those points mentioned for consideration in the initial system design are 
built-in factors to improve the signal-to-noise ratio. (See section III of 
this chapter. ) It must first be determined if a change in test frequency 
will suppress the noise indications while leaving the desired signal informa- 
tion intact, and secondly, the proper coil design must be used. 

In systems where encircling coils are used to inspect test objects 
being fed through them, proper coil configuration can do much to suppress 
noise. The differential or self- comparison configurations (fig. 42a and b) 
ai’e often used in crack detection test systems, since the crack depth 
normally varies from point to point along the test object. Noise from one 
test object to another has no effect with these coil configurations since 
their influence on the effective permeability of each coil section is equal 
b\it opposite and hence, cancels out. In addition, slowly varying physical 
properties within a test object are also suppressed when the two self- 
comparison coil elements are located close to each other. 

d. Another very sensitive configuration is the absolute, or standard- of- 
comparison type. Figure 42 c and d shows two variations of this technique. 
This method is much the same as the differential configuration method with 
the exception that an external comparison standard is used as a compensating 
factor instead of using the test object itself. It has the advantage of allowing 
a choice as to the type and degree of noise suppression employed in the 
system. It is only necessary to select a standard with the appropriate 
variable. This arrangement is more suited to overall analysis work where 
it is desirable to know if the physical properties (such as conductivity, 
permeability, etc. ) of the test object vary from those of the standard of 
comparison. 

_e. In both of the foregoing methods, when the sample and the compari- 
son coils both contain material of identical physical properties, the voltage 
measured across the coils will be the same, If on the other hand, the 
material properties are different, there will also be a difference in the 
measured voltage across the coils. 
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SAMPLE COIL 



(g) 




a. Self comparison arrangement of two primary coils 

b. Self comparison arrangement of two primary and 
two secondary coils 

c. Bridge circuit of two primary coils 

d. Bridge circuit with two primary and two secondary 
coils 


FIGURE 42. ARRANGEMENTS OF TEST COILS FOR FEIED -THROUGH 

TESTS 
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^^EQUENCY, PHASE, AND AMPLITUDE 


K General, In paragraph 27 on signal handling subsystems, it was 
^~out~th&t the three significant properties of a test coil signal are 
■e^t:^^cy, phase, and amplitude. In practice the signal from the test coil 
all three properties, However, the information of interest is 
3\) obscured in this complex signal, and it becomes necessary to weed 

desired data. In most cases, this information has a characteristic 


at 

It may have certain frequency properties , or it may cause a 
H^'V^^hift in the signal, More often than not, it is a combination of fre- 
a^. ^ phase, and amplitude. By skillful handling of the three basic 
rCi^^^ties, a test system can perform even when faced with a large number 
* ^ variables, Some of the more common techniques shall now be 






frequency, 

(1) Since the response of the test coil to the test object variables 
occurs over discrete intervals of time, it must be understood 
that the test frequency can be viewed as a modulated carrier, 
where the modulation is supplied by the variation of coil impe- 
dance with time. It is well known that signals which vary with 
time contain a frequency spectrum which is dependent upon the 
time rate of change of the signal. Since the time rate of change 
of the coil impedance is dependent on the test method and the 
test object properties, several interesting relationships become 
apparent (fig, 43), 


(2) One technique which should be mentioned is frequency discrim- 
ination (electronic filtering). This operation is usually performed 
by the signal-handling subsystem, and is nothing more than pro- 
viding the system with a frequency selective capability. This is 
generally accomplished by means of an electronic circuit whose 
output is frequency dependent. In the case of inspection of tubing 
for defects, where the tubing is fed through encircling test coils, 
there are at least two different types of time varying signals. 
Because of their relatively short length, crack-like defects in a 
tube pass in and out of the test coils in a very short time period. 
On the other hand, variables such as diameter, grain size, or 
conductivity tend to occur over longer lengths of the tube and are 
usually more gradual changes, This means that at some given 
section on the tube, the defect which appears as a fast, short 
change in properties , is superimposed on slow, gradual changes 
which are normal for the tubing. This represents a classic 
example of the signal-to-noise concept. The fast, short changes 
caused by defects are the signals of interest, The slow, gradual 
changes caused by such variables as diameter, are unwanted 
background noise. If a recorder were used to monitor the system 
output, the results would appear as shown in figure 44a. The 
signal-to-noise ratio here is only 2/lj this would not be an 
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= FAST , SHORT, CHANGE 



SLOW, GRADUAL, CHANGE 


DIAMETER VARIATION IN TUBE 

FIGURE 43, TIME -RATE OF CHANGE RELATIONSHIPS 




URE 44. EFFECT OF DIFFERENTIATION ON READOUT SIGNAL 
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acceptable ratio for testing since it would be possible for the 
background noise to mask the defect signal. To overcome this 
problem, a circuit which is frequency selective can be incor- 
porated into the signal handling subsystem. 

(a) If the circuit is so designed that its output response is large 
for high frequencies {fast, short changes such as from a 
defect), and small for low frequencies (short, gradual changes 
as from diameter variations), the process is known as 
differentiation or high-pass filtering. The simplest type of 
differentiating circuit is the resistance-capacitance (R-C) 
type where the R-C time constant is made small compared to 
the lime duration of the slowly changing noise variations. 

If the recorder now monitors the system output after incor- 
porating the filter circuit, the system output would appear 
as shown in figure 44b, 

(b) Another important application of electronic filtering arises 

~ in the testing of ferromagnetic test objects. When a magneto - 
inductive test system is used to sort ferromagnetic test 
objects, it is generally true that a great deal of distortion due 
to harmonics of the fundamental test frequency will be present 
in the system output. When it becomes necessary to de- 
emphasize this harmonic distortion, electronic integration 
circuits can be incorporated into the signal handling sub- 
system. Electronic integration is essentially the inverse 
operation of electronic differentiation. It is frequency selec- 
tive, and so designed that its output response is large for low 
frequencies (slow, gradual changes with respect to time), and 
small for high frequencies (fast, short changes with respect 
to time). Figure 45 shows the output of a magnetoinductive 
system as it appears before and after electronic integration. 
The simplest type of integration circuit is also the resistance- 
capacitance (R-C) type (see the preceding paragraph for the 
differentiating type circuit), where the R-C time constant is 
made large compared to the time duration of the rapidly 
changing noise variations. A point to remember is that in 
some system applications, the harmonic distortion might 
provide the information required for sorting. In such cases, 
filtering would not be desirable, 

c, Phase. Another important circuit technique is known as phase 
dism-imination. In both magnetoinductive and eddy current test system 
applications, it is often found that variables encountered in test objects 
are manifested in the system output by changes in phase as well as ampli- 
tude. Many test systems are provided with phase-selective circuitry, 
but in general, there are two types of major importance, 

(1) The first of these types is generally referred to as the ellipse_ 
or hissajous readout. With this type of system, it is possible 
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to separate indications caused by cracks from those indications 
caused by diameter variations. This type of system is very 
useful in inspecting rod, tube, and wire for surface and sub- 
surface cracks, Since the coil impedance vectors for diameter 
and cracks are perpendicular to each other, the ellipse on the 
screen will show two distinct types of behavior. The opening 
of the ellipse as measured on the vertical axis is proportional 
to the crack indication, while the orientation of the ellipse is 
proportional to the diameter variation (see fig. 46 for phase- 
amplitude relationship). Figure 47 shows the ellipse pattern 
for situations that arise in testing rods for surface and sub- 
surface defects. Figure 47a shows the pattern as it appears 
when the rod diameter is the same as the comparison standard 
and no crack is present. This condition is usually called the 
balance condition. Figure 47b shows the ellipse pattern when a 
crack is present in the rod and when the diameter has not varied 
from the standard dimension. Note that the crack has caused 
the ellipse to open. The amount that the ellipse opens (as 
measured on the vertical axis) is proportional to the crack dimen- 
sions and location. Figure 47c shows the ellipse pattern for a 
change in rod diameter with no crack present. Figure 47d 
shows the ellipse pattern when a diameter variation and a crack 
appear at the same point on the rod. The crack properties are 
still measured on the Y-axis independent of the orientation of 
the ellipse. This type of test system is well suited for measuring 
diameter variations as well. It can also be used to sort various 
alloys in finished and semifinished form. 

(2) The other important phase discriminating type of system uses a 
linear time base oscilloscope readout rather than a Lissajous 
type, Figure 48 shows a block diagram of a typical magneto- 
inductive linear time-base test system. This type of system is 
not as elaborate as the ellipse system; it provides one cycle of 
the wave train for viewing, by driving the horizontal deflection 
plates of the oscilloscope with a saw-toothed voltage of pre- 
determined duration. The time base can be shifted in phase to 
any desired reference, The vectors for diameter and perme- 
ability variations are at right angles to the conductivity vector. 
Then, if the phase of the time-base voltage used to synchronize 
the horizontal sweep of the oscilloscope is chosen to correspond 
with the phase direction caused by permeability or diameter 
variations, a change in these two quantities will have no effect 
on a measurement made at the 180 degree position of the sine 
wave presentation. However, if a change in conductivity occurs, 
the measurement made at the 180 degree reference point will 
vary. Figure 49 shows the output traces as they would appear 
for conductivity variations in the test object. This method is 
sometimes known as the slit technique since the amplitude of 
the trace is read at the point where it passes through a slit 
placed over the cathode ray tube (CRT) screen. 
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ere are other types of test systems where phase discrimination is em- 
,yed. In some of these systems, the output is read from a meter, the 
ise discrimination being performed in the signal handling subsystem by a 
j,se-controlled rectifier circuit. This circuit indicates only those com- 
Tients of the test coil voltage which have the same phase direction as 
■ control voltage, whose phase is adjustable, 

d. Amplitude. When a situation arises in a given test, where noise 
mables are not present, or do not obscure the magnitude of test object 
anges of interest, amplitude measurements made on the complex signal 
3 normally sufficient for a successful test. Magnetoinduciive and eddy 
rrent test systems which display the peak amplitude of the complex test 
il signal can be used for inspection of test objects. Therefore, special- 
sd test systems which present specific information on frequency-phase- 
iplitude relationships can also be used. The straight amplitude case is 
>re often found when nonferromagnetic test objects are to be examined, 
aen ferromagnetic lest objects are to be investigated, the additional 
ise caused by permeability variations and harmonic distortion in the 
mplex waveform usually requires some kind of signal-to-noise improve- 
ent technique, i. e. , frequency, phase, or amplitude discrimination, 
though this is not a strict rule. Figure 50 shows a typical waveform where 
ere is a simple amplitude change for variations in test object properties. 


ction V. APPLICATION OF TEST SYSTEM DESIGN CONSIDERATIONS 
. GENERAL 

a. The theory behind electromagnetic test system design is very com- 
ex and only a limited coverage of this subject has been presented in this 
lapter. Actually, the design, choice, and application of test systems is 
ore of an art than a science since in many cases, the individual involved 

not aware of problems caused by certain variables until testing has 
itually begun. Further, it is very difficult, if not impossible, to predict 
hat conditions are present in the lest object and how they will influence 
St system response. 

b. Many types of test systems are available, Although most test sys- 
:ms are basically impedance bridges of one type or another, they come 

i a variety of sizes, shapes, and designs. Some systems are used only 
>r ferromagnetic materials, others for nonferromagnetic materials, 
ome systems use probe coils, others encircling coils, while still others 
re designed for use on a variety of materials and use both probe and 
ncircling coils, 

c. The question arises as to how the engineer or inspector chooses 

xe proper test equipment. Perhaps the clearest way to show the process 
evolved is to present and then solve a typical test problem, The solution 
resented, however, is not necessarily the only solution to the problem; 
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there are probably several other types of systems that would provide an 
effective examination of the test object. 

37. PROBLEM - EXAMINATION OF GUN BARRELS 

Several 20 mm gun barrels ruptured during firing tests. Metallurgical 
examination showed that the barrels, which were made from a mol^denum 
chromium -vanadium steel, had been improperly heat treated. In the manu- 
facture of the gun barrels, the heat treatment schedule called for a rapid 
water quench to produce a martensitic structure. If the quench rate were 
too slow, the structure would be comprised of ferrite, bainite and some 
martensite. This latter structure could cause the barrels to rupture when 
the gun was fired. It would not have been practical to scrap the large 
number of barrels that had been manufactured. What was needed was a 
fast, economical lest method which would sort the good barrels from those 
which had been improperly heat treated. An electromagnetic test method 
successfully solved the problem, 

38. SOLUTION 

a. In applying test system design principles, the first important fact 
determined was that the barrels were ferromagnetic. It was reasoned 
that in a ferromagnetic material the magnetic and electrical properties 
would vary with the different heat treatment processes and, therefore, 
different heat treatments of the same material would be detectable by 
electromagnetic teats. Since the effects of heat treatment are usually 
the same throughout a material, they would not behave like localized 
discontinuities such as cracks or seams. This was important since it 
ruled out the necessity of scanning the entire length of the barrel. The 
effect of heat treatment, therefore, should have been detectable at any 
point on the barrel. 

b. The next step involved obtaining a properly quenched barrel that 
was a loo percent martensitic microstructure. This was determined by 
metallographic analysis. This barrel was then used as the "standard of 
comparison" in a comparator type test system. 

c. Because of the shape of the gun barrel, encircling coils were used. 
Test frequency was in the order of 60 cps or less, since the material was 
ferromagnetic. Experience in similar sorting problems indicated a field 
strength of 25 to 7 5 oersteds. (Normally, the method of selecting field 
sti'ength is to obtain normal induction curves from specimens representing 
both heat treatment conditions. When normal induction curves are not 
available, a series of trial and error tests are conducted to detect differ- 
ences between specimens by varying field strength. ) The signal handling 
system used was capable of straight amplification and it was assumed that 
undesired variables did not mask the heat treatment variation in the gun 
barrels. The readout for this particular caise was either a meter or an 
oscilloscope, A block diagram of such a system is shown in figure 51, 

Using this test system, successful 100 percent inspection sorting of the 
gun barrels was satisfactorily accomplished. 
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39. SUMMARY 

Xhe foregoing problem was examined for several important features. The 
specimen was ferromagnetic; this meant that both the permeability and 
conductivity of the barrels would vary according to the heat treatment 
process, A slack-quenched barrel would, therefore, be expected to pro- 
duce the larger core loss (eddy current and hysteresis losses combined). 
'This loss would result in a different voltage being developed across the 
secondary of a coil encircling the barrels with correct and incorrect 
quenching. The output from the secondary of the test coil would be bucked 
against the secondary voltage obtained from a reference coil containing 
a 100 percent martensitic, properly quenched barrel, and the difference 
between these two voltages would be amplified and displayed in the readout 
subsystem. The displayed voltage, therefore, could be related to the 
metallurgical difference between the test barrel and the standard of 
comparison barrel. 
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CHAPTER 4 

EQUIPMENT CALIBRATION AND QUALITY ASSURANCE STANDARDS 


Section I, GENERAL 


40. GENERAL 

a. In using electromagnetic test methods for the inspection of materials 
or Items, it is essential that adequate standards be available to (1) make 
sure that the equipment is functioning properly and is picking up imperfec- 
tions (flaws), and (2) to ascertain whether the imperfections are cause for 
rejection of the sample (defects). These imperfections are any deviation 
from the norm specified" for a particular material or item. They maybe 
due to discontinuities, inhomogeneities, deviations in physical, mechanical, 
or geometrical properties, heat treatment, or any of a variety of causes. 
Before proceeding in this discussion of standards, it would be well to 
point out the difference between a FLAW and a DEFECT. A FLAW is any 
imperfection in a material or item which may or may not be harmful. A 
defect, on the other hand, is any imperfection in a material or item 
which is cause for rejection . Hence, a defect is always a flaw but a flaw 

is not necessarily a defect. 

b. It is not the imperfection itself that is detected by the test equipment, 
but”rather the effect that it has on the electromagnetic properties of the 
piece being inspected. It is necessary, therefore, that it be possible to 
correlate the change in electromagnetic properties with the cause of the 
change. For this reason, it is necessary, when calibrating an electro- 
magnetic testing unit, that standards be available that contain either natural 
or artificial imperfections which can accurately reproduce that change in 
the electromagnetic characteristics which can be expected when production 
items containing flaws are tested. Such standards are usually considered 
equipment calibration standards. That is, they demonstrate that the equip- 
ment is, in fact, picking up the imperfection or imperfections for which the 
material or item is being inspected. 

These standards are not only used to facilitate the initial adjustment or 
calibration of the test instrument, but also used periodically to check on 
the reproducibility of the measurements, 

c. It is not enough just to be able to locate imperfections in a test piece; 
the inspector must also be able to determine if the flaw ‘is severe enough 

to be cause for rejection of the item. That is, if the flaw is, in fact, a ^ 
defect. For this purpose, quality assurance standards are required against 
which the test instrument can be calibrated to show the limits of accept- 
ability or rejectability for any particular flaw. It is normally the respon- 
sibility of the quality assurance design engineer to specify these limits. 
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Once these 3 -re estsblisheclj cjii3lity 36sui*3nc6 st3ricl3icis 341 e oithu-i solect 
from actual production items representing the limits of acceptability, or 
samples are prepaired containing artificial flaws which serve the same 
purpose. 

d. Although electromagnetic test equipment calibration standards hav 
been developed on an independent basis by various organizations, and 
quality assurance standards for various products have been proposed, no, 
of these have received general acceptance. The usual practice is to deve 
separate sets of standards for each inspection problem encountered, 

41. FACTORS AFFECTING MEASUREMENT OF DISCONTINUITIES 

To differentiate, electromagnetically, between an acceptabJ e and a 
rejectable discontinuity, it is first necessary to understand how eddy 
currents actually measure a discontinuity. The question might be asked 
whether eddy currents measure depth or length, or some other dimonsion 
or a combination of dimensions. 




In testing tubing, for example, if the test frequency is low enough anc 
test coil wide enough to induce eddy currents more or less uniformly 
throughout the wall of a given section, then the response of the electro- 
magnetic test instrument does bear a relationship to the depth of the 

the same diameter in the Lube wall, 
will be about ° ot er, the instrument response to the deeper one 

shin for thrlrrma "" response to the shallower ono. This is 

hunZ v/ i diameter drill holes of different depth in 

do^^ed ( 1 ,!?°''''°''®''’ diameter rather than its depth were 

fr. tu \ response again would be about double. Thus it is neitJior 

dis7Lntfnuhy'’(vWttin\^he'ranen,rt^^ ^ function of the area of the 

perpendiculaVto T. eddy currel paths Thf,""/"' projected on a plane 
tailor, of the discontinuity. In thf hypothetfoai ca^^^ 

is perpendicular to the current 1 * of a discontinuity which 

eddy currents, and which is infinitely^Uhn f 

rents is approximately equal to the tLe a;ea of the 

.lonship betweefthe mersu^re^d and^fh^V^*^’ be applied to this rola- 

tt e.xact. One correction factor has discontinuity to make 

/olume or shape. For examnle a ^ ^^^ondary effect of the 

nay have the sa^e prolect'^d ^ crack 

F jecceci area but affect currents differently. 

second correction factor result., .u r 

snsity is not usually uniform over thi» current 

antinuity. but decreases rapidly with a!" of the dis - 
I well as with axial distance aJay fmrn^he ° (skin effect) 
idial and axial rate of change of Iddy ^urrenTf/' f ^he 

uy current density depends on test 
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FIGURE 5Z, RESPONSE OF AN ELECTROMAGNETIC TEST INSTRU- 
MENT TO THREE 0. 014-INCH DRILL-HOLES TO A DEPTH OF 
0.035-INCH, 0. 024-INGH, AND 0. 014-INCH, RESPECTIVELY, 

IN A 0. 500-INCH TUBE HAVING A WALL THICKNESS OF 

0. 035 -INCH 
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frecjuency snd test coil dimensions, A thifd correction f&ctor i ©suits f i oiti 
the fact that the output of electromagnetic instruments is not usually direct 
proportional to the signal in the coil because of the various electronic 
processes involved, For example, the output of a phase analysis circuit 
is proportional to the component of the test signal in a particular phase 
direction. Also, the phase analyzed signal may be modulation analyzed. 
Modulation analysis channels pass signals which have a certain rate of 
change while suppressing those with another rate of change. While the 
analysis circuits are indispensible in removing the unwanted variables, 
they also serve to complicate the relationship between the output of the 
test instrument and the magnitude of the original discontinuity area. 

d. From the foregoing discussion, it can be seen that there are many 
factors to be considered when standards are to be chosen for equipment 
calibration and quality assurance purposes. The rest of this chapter will 
deal with the preparation and use of suitable standards. 


Section 11. EQUIPMENT CALIBRATION STANDARDS 
42. FUNCTION 

As stated previously (par, 40), the function of an equipment calibration 
standard is to qualify a test instrument and the associated methods and 
procedures involved, including the test frequency, test coil(s), phase 
setting, and other instrument settings pertinent to a particular test. 

A calibration standard is normally used only at the beginning of an inspec- 
tion run on a new material or item, or when new specifications are intro- 
duced, A quality assurance standard, on the other hand, is xised at regular 
mtervals throughout a run to check on the reproducibility of results. 
Calibratmn standards aid in adjusting instrument controls and are used to 
assuie that particular types of flaws, which are of interest, will be 
and condiUoL^ predetermined sensitivity relative to other types of flaws 


43. GENERAL CONSIDERATIONS 

o"suf&Tsize“a‘'s''m°” prepared from sound material 

others in the field TMs ^ capable of exact duplication by 
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44, DESIGN CONSIDERATIONS 

a. Generally, calibration standards are designed to not only contain a 
vaiTety of flaws, but also to duplicate the normal characteristics of the 
actual test material or item. Artificial flaws are intended to simulate as 
closely as possible the types and positions of actual flaws; for example, 
notches used to simulate cracks. Characteristics inherent in the test 
piece, such as mechanical properties or geometrical variations, are 
duplicated as nearly as possible in the standard. Usually, these 
characteristics are of no interest to the test and must be suppressed 
during testing. Therefore, it is necessary when calibrating the test 
instrument, to allow for the suppression of signals from these charac- 
teristics. 

b. There are several methods available for simulating natural flaws 
when preparing calibration standards. Such methods include: (1) electric 
discharge machining, (2) filing, (3) drilling, (4) milling, (5) scribing, 

(6) gouging, and (7) chernical etching. Simulated flaws which may be 
produced by the above methods include: (1) longitudinal notches, (2) 
circumferential notches, (3) drilled holes , (4) file cuts, (5) pits, (6) diam- 
eter steps, (7) indentations, and (8) intergranular corrosion. 

c. The types of artificial flaws selected for inclusion in the calibra- 
tion” standard may be produced in any specified and practical number, posi- 
tion, and size consistent with the aims and objectives of the calibration 
procedure. Use of a standard to qualify a test instrument, or to 
choose between several instruments, requires some knowledge of the 
many variables encountered in electromagnetic testing and how they 
affect the test instrument. When setting up a test using a calibration 
standard, all combinations of test frequencies and instrument settings 
should be tried to determine the optimum combination which best 
serves the aims of the test. 


Section III. QUALITY ASSURANCE STANDARDS 
45. FUNCTION 

A quality assurance standard performs a function which is altogether 
different than that of an equipment calibration standard. While the calibra- 
tion standard shows what the instrument can do under a certain adjustment, 
the quality assurance standard seeks to keep this level of performance, 
whatever it is, identical and reproducible at all times and under all con- 
ditions of time and temperature. 
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46. GENERAL CONSIDERATIONS 

Since a quality assurance standard does not need to prove that a certain 
type of defect can be detected, such proof having been provided by the 
calibration standard, the artificial flaws placed in the calibration standard 
do not necessarily have to simulate natural defects. Nor do they need to 
be present in as great a number or variety. They must, however, be of 
such a nature as to reveal drifts of both the amplitude and phase sensitivity 
of the instrument, 

47. DESIGN CONSIDERATIONS 


a. Amplitude stability can be guaranteed by means of two artificial 
flaws, one slightly larger than a chosen "borderline" size (i. e. , just 
barely acceptable), the other slightly smaller than this "borderline". 

This will allow the sensitivity control on the instrument to be adjusted so 
that during testing all flaws producing instrument outputs larger than the 
chosen borderline size will be rejected and all others accepted. To 
achieve amplitude stability, it is possible to use any two discontinuities 
no matter how dissimilar they may be to the actual natural flaws to be 
detected, However, it becomes extremely important to control the exact 
dimensions of these discontinuities in accordance with the specifications 
on the borderline discontinuity amplitude. For these reasons, it is 
practical to choose a type of flaw which may be produced easily to precisely 
specified dimensions. If time does not permit the pi’eparation of a more 
accurate standard, a simple amplitude calibration standard may be made, 
using two cuts produced by a hand file. The cuts may be trimmed and pared 
until, when the instrument is being adjusted, the larger file cut triggers 
^he alarms and the smaller one does not. 


b, In preparing a quality assurance standard, the ultimate choice of 
he size of the artificial borderline discontinuity, should be made only 
fter a careful destructive examination of a number of test samples checked 
vith an electromagnetic instrument and found to contain natural flaws. 

The destructive tests will show which size flaws are actually defects, and 
henct cause for rejection of the test piece, and which size can be con- 
sidered as not defects. The reliability of the results will depend on 
the number and size of flaws studied. Recorder charts should be kept 
for each test with the instrument settings carefully recorded. Test 
objects which show an indication that a flaw may be present, should 
examined metallographically, in order that the type, 
rhir^nWvo^-'Ji^ location of the discontinuity can be determined. 

eristics of nit ^ i ^ between the electromagnetic charac- 

eristics of natural and artificial flaws so necessary in arriving at 
uitable test specifications. ^ ctmvmg ai 


£, 

ise 


To control phase stability in instruments capable of measuring 
relationships, a third simulated flaw must be introduced in the 
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quality assurance standard. This flaw must; 

(1) produce an instrument response about equal in magnitude to the 
borderline discontinuity, and 

(2) produce a signal in the test coil as different in phase direction 
as possible from the two discontinuities used for amplitude 
stability control. 

Condition (2) above requires that this third discontinuity have either a 
different shape or a different depth than the other two. In the case of 
tubing where the first two flaws are in the outside diameter, the third 
flaw should be located on the inside diameter wall if convenient and 
practical. If this is not possible, the following combination of dis- 
continuities may be used: 

If the first two discontinuities are 

(1) drill-holes entirely through the tube wall, 

(2) narrow longitudinal notches on the outside diameter, or 

(3) indentations on the outside diameter, 
then the third discontinuity may be either 

(1) a shallow file cut, 

(2) a circumferential ring notch, 

(3) a diameter step, 

(4) a narrow deep notch, or 

(5) a drill-hole through the tubing wall. 

Section IV. PREPARATION OF STANDARDS 
48. GENERAL 

a. Specimens selected for standards should be of convenient size in 
order to eliminate edge effects, and should be as free from natural 
imperfections as possible so confusion will not arise in the identification 
of instrument response to artificial flaws. In addition, the standards 
should be identical to the test objects being tested as far as chemical 
composition, heat treatment, physical and mechanical characteristics, 
shape (geometry), and temperature are concerned. If the standards and 
test objects are made of ferromagnetic material, they should be in a 
demagnetized state before the calibration or test. These factors are 
particularly important in the matter of such sources of "part noise" as 
dimensional fluctuations, residual stresses, surface roughness, and 
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straightness. The term, "part noise" is used here to denote the undesiied 
extraneous information which appos-rs in the resultant test signal at the 
instrument readout, 

b. The identification of instrument response is greatly simplified if the 
discontinuities are spaced at uniform distances from each other. An excep- 
tion is the equipment calibration standard designed to test resolution; this 
type uses several closely spaced artificial flaws. An important matter, re- 
lating especially to longitudinal notches, is the choice of their length as com- 
pared to the width and spacing of the windings of the test coil configurcitioii. 
This consideration is particularly important when a differential coil sys- 
tem is used with the two pickup coils arranged coaxially so that the equip- 
ment calibration standard passes through both pickup coils, with one section 
of the standard being compared to an adjacent section of the same standard. 
The differential test coil configuration is not very sensitive to gradual 
changes in diameter or structural properties, but is very sensitive to short 
discontinuities as cracks, seams, or a.rtificial flaws. If discontinuities, 
which are uniform or nearly uniform along their length such as longitudinal 
notches, are long enough to extend through both pickup coils, this tech- 
nique will not reveal the presence of the discontinuity except when the 
discontinuity enters or leaves the coil system. The configuration and 
frequency of the exciting and pickup coils must, therefore, be varied to 
suit the resolution requirements, 

49. METALLOGRAPHIC EXAMINATION 


, Before a sample containing a flaw is examined metallographieally, 
it is first necessary to pinpoint the exact location of the flaw on or within 
the sample. This is no problem when the flaw is located on the surface 
of the specimen and is plainly visible. However, a great many of the 
discontinuities of interest are located below the surface. Therefore, wlien 
a specimen suspected of containing a flaw is scanned electromagnetically 
and an unknown instrument response is noted, the exact location where 
the response occurs should be marked on the specimen. 


b. When the exact location of a flaw in any given sample has been 
‘he flaw IS then very carefully examined to determine its 

exlmtoattrof t employed for the metallographic 

lenX of 0 fon n a ? ‘^^tected and exactly located in two 
g . inch diameter stainless steel tubing is given below: 


( 1 ) 


removed anrf fl n tubing wall containing the discontinuity la 
and flattened. It is then mounted flat, face up, in a 

Aftlr efeh'e^tt-^^^^ 002-lttch at a time. 

As soon as the difro r examined under a microscope. 

n inui y appears, a photomicrographic rocort 
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is maintained of its development with the depth- of- etch into the 
wall so that a complete picture of its shape and size is obtained. 

(2) The results obtained using this procedure are shown in figures 
53 and 54. Each figure contains a chart record of the response 
of a particular electromagnetic test instrument to the small 
inclusion and crack found in each tube. The flaw area was pin- 
pointed, sectioned, flattened, mounted and etched according to 
the above procedure. The development of each flaw with depth- 
of-etch from the outer tube surface is shown in accompanying 
tables. Several photomicrographs were taken at various depths, 
only one of which is shown in each figure. The defect in figure 53 
was an inclusion, partly visible at the surface. The photomicro- 
graph shows its extent at a depth of 0. 0005-inch, The defect 
in figure 54 was a subsurface crack which reached its greatest 
expanse of 0. 025 inch at a depth of 0. 009 inch. The photomicro- 
graph shows it at this point. Without exception, the metallo- 
graphic examination found a discontinuity in every location 
indicated by the test instrument. 

50. CORRELATION OF RESULTS OBTAINED FROM BOTH NATURAL A^ 
ARTIFICIAL DEFECTS 

a. When preparing quality assurance standards, enough natural flaws 
should be located and examined to find at least one flaw in each of the 
several categories of defects encountered (cracks, inclusions, seams, 
laps, etc, ), which can be judged to be about borderline in severity. In 
other words, in each flaw class, one is chosen such that all smaller flaws 
may be considered acceptable. Normally, there will be no attempt to draw 
the line exactly. Obviously a flaw does not suddenly become failure -prone 
(i. e, , a defect) beyond a certain specific size. The choice must be made 
approximately, based on whatever is known about the mechanism of failure 
of the part in service, The next step is to determine the relative instru- 
ment response of the borderline case chosen from each class of natural 
flaws as compared to known artificial flaws. This is done by noting the 
amplitude of the instrument response on the chart records, which should 
be kept on each flaw sectioned. It is important that the records to be 
compared be taken at identical instrument settings, 

b» The flaws chosen as borderline in the different defect classes may 
have widely different response amplitudes. Hence a compromise must be 
decided upon. Once this is done, it is a relatively simple matter to choose, 
experimentally, an artificial defect with approximately the same response 
amplitude, For example, if the reference defect is to be file cut, the cut 
would be pared away until the response it produced reached that produced 
by the chosen borderline defect. Alternatively, a desired drill-hole size 
could be chosen from the responses obtained from a variety of drill-holes 
by matching the response amplitudes of the holes to the amplitude corre- 
sponding to the chosen defect. This would be the so called borderline 
reference defect. 
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The final step would be to construct a second artificial defect smaUer 
approximately 20 percent than the borderline defect, thus comp e mg 
cons ti'uction of the calibration standard as far as amplitu e ca i ra i 
concerned. 



FIGURE 63 MICROGRAPHIC EXAMINATION AND ELECTRO- 
MAGNETIC INSTRUMENT RESPONSE TO A SMALL 

TMr.T.TT.qrnN 



IGURE 


54 MICROGRAPHIC EXAMINATION AND ELECTRO- 
MAGNETIC INSTRUMENT TO A SMALL CRACK 
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CHAPTER 5 
APPLICATIONS 


Section I. GENERAL 


51. GENERAL 

a. The development of electromagnetic testing techniques in recent 
years has reflected many important technical advancements brought about 
by research activities of scientists and engineers. These activities, to- 
gether with the constant expansion of the knowledge of electronics, have 
stimulated the selection and use of electromagnetic test techniques to a 
larger scale than ever. Although comparatively little use was made of 
electromagnetic testing techniques prior to 1950, in more recent years 
industry has found electromagnetic testing very useful and particularly 
adaptable to rapid 100 percent automatic inspection of production items 
and materials. The urgent need by industry to inspect bars and tubing 
has led to the development of a number of commercial instruments and 
equipment capable of handling many of the problems involved in fla'w 
detection, hardness testing, alloy determination, and dimensional mea- 
surements , 

b. In addition to this type of inspection, it has been found necessary 
to develop electromagnetic tests which are tailored to particular applica- 
tions. Because of peculiarities in geometrical configuration, alloy com- 
position, and the mechanical and thermal treatment of the item to t>e in- 
spected, the development of electromagnetic "tests to fit the item" have 
presented a great variety of problems. The solutions of these problems, 
in many cases, have been found through pioneering efforts in test develop 
ment, and have invariably required considerable study. This has been 
particularly true in the application of electromagnetic methods to the 
critical inspection of many items having high quality requirements. 

52. ELECTROMAGNETIC TESTING 

a. Electromagnetic testing consists of observing the interaction be- 
tween electromagnetic fields and metals. The three things required for 
an electromagnetic test are: 

(1) a coil or coils carrying an alternating current; 

(2) a means of measuring the electrical properties of the coil or 
coils; and 

(3) a metal part to be tested. 
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As specialized sensing elements, the test coils are in some ways anal- 
ogous to lenses in an optical system, and their design is a fundamental 
consideration depending on the nature of the test. Probe coils which are 
brought up against the surface to be tested, are used in testing a variety 
of metallic shapes for physical properties, flaws, and plating or coating 
thicknesses. Annular coils encircle the part and are used especially for 
inspecting tubing, rod, wire and small parts (see chapters 2 and 3). 

b. Electromagnetic testing involves (1) the interaction between applied 
ancTinduced electromagnetic fields and (2) the imparting of energy into 
the test part much like the transmission of X-rays, heat, or ultrasound. 
Upon entering the test piece, a portion of the electromagnetic energy 
produced by the test coil is absorbed and converted into heat through the 
action of resistivity and, if the conductor is magnetic, hysteresis. The 
rest of the energy is stored in the electromagnetic field. As a result, the 
electrical properties of the test coil are altered by the properties of the 
part under test. Hence, the current flowing in the coil carries informa- 
tion about the part, its dimensions, - its mechanical, metallurgical and 
chemical properties, and the presence of flaws. 


Cj The character of the interaction between the applied and induced 
electromagnetic fields is determined by two basically distinct phenomena 
within the test part; 


(1) the induction of eddy currents in the metal by the applied field, 
figure 55a; and 

(2) the action of the applied field upon the magnetic domains, if 
any, of the part, figure 55b. 


Obviously, only the first phenomenon can act in the case of nonferromag- 
netic metals. In the case of ferromagnetic metals, both phenomena are 
present; however, the second usually has the stronger influence. This 
accounts for the basic difference in principle between the testing of 
ferromagnetic and nonferromagnetic metals. 


d, Among the physical and metallurgical variables which affect electro- 
magnetic tests in metals are the following; 


( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 


Physical shape, external dimensions, and thickness of the part. 
Distance between part and electromagnetic coil. 

Plating or coating thickness, 

Chemical composition. 


Distribution of alloying or impurity atoms. This is influenced 
treatment of the part, and hence, may be used as a clue 
to hardness, strength, phase, grain size, etc. 
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A part is passed thru a test coil. 
The applied current in the coil in- 
duces eddy cur rents within the part, 
These are affected by a crack, or 
other change in the part. 
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Electric currents in the probe coil 
induce eddy currents within the test 
part. These react backonthe applied 
current for "read out". 



( 3 ) 


( 4 ) 


(1) Demagnetized 

(2) Partial magnetization 

(3) Sudden reversals complete (knee of magnetization curve) 

(4) Saturated, domains rotated in high field 


FIGURE 65. DIAGRAM ILLUSTRATING CHANGES IN DOMAIN STRUC- 
TURE IN A SINGLE CRYSTAL, IN AN INCREASING EXTERNAL FIELD 
DIRECTED FROM LEFT TO RIGHT. DOMAINS ARE SHOWN AS 
CUBES, FOR CONVENIENCE; THEY ARE BELIEVED TO BE 
LONG AND NARROW, ARROWS INDICATE THE DIREC- 
TION OF THE MAGNETIC MOMENT OF EACH DOMAIN. 
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(6) Lattice dislocations caused by heavy working or radioactive 
bombardment, 

(7) Temperature. 

(8) Discontinuities, including most types of flaws. 

(9) In ferromagnetic metals, residual and applied stresses. 

In practice, many, and sometimes all, of the above factors may vary 
simultaneously. It is difficult under these conditions to obtain a meaning- 
ful response from the magnetic flux set up within the test piece since 
several variables may affect the test signal simultaneously. The resviR- 
ing voltage, which is the parameter usually sensed by electromagnetic 
testing devices, must be very carefully analyzed to isolate the sought- 
after effects from the extraneous effects. 


Associated with any electromagnetic test signal are three important 
parameters: amplitude, phase, and frequency. The test signal may con- 
tain either a single frequency, the test signal frequency, or a multitude 
of frequencies (harmonics of the test signal frequency). In the latter rase, 
the test signal frequency is referred to as the fundamental frequency. In 
addition, there is an amplitude and phase parameter associated willi each 
harmonic frequency. The control engineer has available a number of 
techniques that make use of all of this information that permits him to 
discriminate between test variables to a considerable extent. The im~ 
portent techniques used are amplitude discrimination, phase disci-iminnlion 

coil design, choice of test frequency, and magnetic 


ieS techniques in the ever-expanding 

;ategories' placed into the following three general 


(1) 


conductivity, or a combination of con- 

metals 7' includes the identification of 

the^ia'i htetor® to their mechanical and 

variablis^wwT of other metallurgical 

variables which affect the conductivity and permeability, 

(2) The measurement of the thickness of thin metal sections the 

T «h-uding™Mckness of 

ness of nonmetallic coating; 

Ithin these three seneraJ j.’ 

sting problems. ® fectiveness, He many nondestructive 
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g. The fundamental concepts which govern the development and appli- 
catTon of electromagnetic tests for both ferromagnetic and nonferromag- 
netic materials are essentially the same. However, because of the large 
effects produced by the magnetic permeability (in particular) and other 
similar nonlinear magnetic properties (in general) of ferromagnetic 
materials, the nature and solution of the problems encountered in practice 
are often quite different for the two types of materials. These differences 
are such that, in any detailed treatment of the subject, discussions are 
qualified to apply to either ferromagnetic or nonferromagnetic testing. 

h. For purposes of this discussion, electromagnetic test applications 
wilTcover two general areas: 

(1) tests for specific properties including tests for uniformity and 
composition, carbon content, heat treatment, case depth, hard- 
ness, and strain; and 

(2) tests for discontinuities and inhomogeneities according to speci- 
men geometry including the inspection of tubes, rod, wire, 
sheet, plate, measurement of thickness, and end items. 

Because each test involves straightforward scanning of the test part sur- 
face by a test coil or coils either manually or by mechanical methods, 
emphasis shall be placed upon the results of illustrative test examples. 


Section II. TESTS FOR SPECIFIC PROPERTIES 
53. GENERAL 

a. Progress in the metal working industry is closely related to advan< 
meMs in quality assurance inspection methods. Before putting a product 
into mass production, there should be available an easy, rapid, and in- 
expensive means of measuring its degree of acceptability, One of the 
various ways in which this can be accomplished is by the use of electro- 
magnetic test instruments, These instruments provide a fast and non- 
destructive method for the accurate inspection of ferrous and nonferrous 
materials, for variations in composition, condition, structure, and pro- 
cessing. 

b. Electromagnetic instruments have found wide use as accurate "go- 
no-go" gages in various inspection applications involving the sorting of 
materials according to specific properties. For this application, two 
representative pieces are chosen corresponding to the low and high limits, 
and the unknown piece is then compared with the readings on the two limit 
pieces. If the reading falls between the two limits, then the piece being 
checked is acceptable. If it falls outside these limits, it is rejected. This 
type of setup permits extremely accurate, rapid, and inexpensive checking 
of an entire production run. 
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c. The following conditions should be considered in selecting standard 
specimens: 

(1) The standard specimen must be the same size and shape as the 
piece to be tested. 

(2) Standard specimens must have the same heat treatment as the 
piece to be tested. 

(3) Surface finish must be the same. If test pieces are ground, 
standards must be ground. If test pieces are cadmium plated 
or surface finished with any other metallic coating, standards 
must also be coated. 


(4) Cold bends in long bars or rods set up local high internal 
stresses which may confuse test results. 

(5) Care must be taken in choosing a specimen to represent "spotty'' 
bar stock which may have local hard or soft spots. 

(6) If the pieces to be tested are long and of uniform cross-section 
such as angles, bars, rods and tubes, the length of standard or 
test piece does not matter as long as it exceeds a minimum 
length for which no end-effects are produced, especially when 
the pieces are ferromagnetic, 

(7) Two or three standard specimens of each particular composi- 
tion or treatment should be available to avoid the effects of 
overheating which occur if a single standard specimen were to 
be used continuously. If a single standard specimen is used, 
arrangements should be made to cool it; for example, with a 
stream of air. The heat is generated partly by hysteresis 
losses, but mainly by eddy current losses, 

'>4. TESTS FOR COMPOSITION AND UNIFORMITY 


Ferromagnetic Materials. 


( 1 ) 


Chemical composition exerts a strong influence on the magnetic 
properties of steel. Table II (chapter 2) shows how the mfg- 

\cobalt-chromium-molybdenum steel are 
b™ Content is varied. Increasing the car- 

resistv-i ferrous material increases the coerclvity, 

Heartreatments Jo the hysteresis loss yaluel 

become i hardening can cause these effects to 

duce”in™ome'’smT'l‘' Another striking effect is that pro- 
saturadortm steels by an increase in the nickel content. The 

nickel tZ Jr ts greatly reduced, and at 30 percent 

nickel, the steel becomes completely nonmagnetic. 
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(2) Cold working of ferromagnetic materials reduces the magnetic 
properties, but gives a high value for hysteresis loss, a partic- 
ularly undesirable condition in steels called upon to operate in 
alternating magnetic fields. The effects of cold working on the 
magnetic properties of 4 percent silicon steel and of impurities 
on the hysteresis loss of iron are shown in figure 56. 

(3) Sorting of steels on a basis of composition or heat treatment is 
complicated by other factors which, affect the magnetic character- 
istics, The effect of size is the most important, but in the case 
of mass-produced components, this trouble should not arise. 
Position of the specimens in the test coils is of particular im- 
portance as their location must be as nearly identical as possible 
in each test. Once the size and location of the specimen is 
standardized, the main variables are composition and/or heat 
treatment, and in most cases sorting can then be done satis- 
factorily, 

(4) Sorting and comparison methods of testing can be based on 

magnetic induction curves and the quantities derived from them. 
Differences between materials can be detected by measurement 
of values of maximum intrinsic flux density the magnetiz- 

ing force for fixed values of flux density (H), the coercive force 

maximum permeability ( the values of retentivity, 

or by measurement of hysteresis loss. 

(5) In all work on magnetic sorting, it has been shown that separa- 
tions can only be accomplished when one variable changes 
significantly. In the event of a number of variables being pres- 
ent, a preliminary sorting into groups to isolate each in turn 

is essential, 

(6) Basically, all electromagnetic test instruments used depend on 
some correlation between the magnetic and physical properties 
of a ferromagnetic material. Seldom is there a direct correla- 
tion between a given set of magnetic properties and a desired 
set of physical properties. The problem of devising a practical 
test consists of finding some easily and quickly measured set 

of magnetic properties which will give a practical correlation 
with physical properties, such as composition, hardness or 
strength, 

(7) A series of steels whose compositions were stepped to give a 
range of carbon, manganese, and silicon contents was examined 
using a typical electromagnetic sorting instrument. Representa- 
tive traces obtained with various pairs of specimens are shown 
in figure 57, Distinctive patterns were obtained with differing 
carbon and manganese contents, although small changes in the 
latter were not well shown and could be confused with changes 

in the carbon content. Differences in sulfur content could only 
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(b) 


FIGURE 56. (a) THE EFFECT OF SEVERE COED WORK ON THE 

MAGNETIC PROPERTIES OF A 4% SILICON STEEL, 

(b) THE EFFECT OF IMPURITIES ON THE 
HYSTERESIS LOSS OF IRON 
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STEEL SPECIMENS 

COMPOSITION OF PAIRS 


CARBON STEELS 


0.0 5%C 
0.05%C 


0.05% C 
0.50% C 


0.05 %C 
0.77 


0.98 %C 
0.6I%C 


0.98 %C 
0.50 %C 


0.98% C 
0.3 8% C 



SILICON STEELS 

COMPOSITION OF PAIRS 

0.02%Si 0.02% Si 0.02% Si 

0, 50 % Si 1.56 % S I 3.22 %Si 

"as received" condition 


ANNEALED CONDITION 


O' 


COMPOSITION OF PAIRS 
0.50% Mn 
l.22%Mn 

"as received" CONDITION 




MANGANESE STEELS 


0.50% Mn 0.50% Mn 

2,39%Mn 3.79%Mn 



ANNEALED CONDITION 




0.02% Si 
5.84% Si 


o 


0 50%Mf> 
6.44% Mn 




FIGURE 57. EXAMPLES OF MAGNETIC SORTING BRIDGE TRACES 
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be detected below certain ranges. The effect of silicon was 
substantially the same as that of carbon, but distinctive features 
were apparent with large changes of silicon content, 

b. Nonferromagnetic Materials. 

(1) The ability to distinguish between pure metals is not nearly a.s 
useful as the ability to distinguish between alloys of the same 
base metal. In manufacturing facilities where alloys of the 
same or differing alloy content are used, there is the ever- 
present problem of accidentally mixing different types. In- 
coming inspection also has a problem of identifying various 
alloys, since the supplier of raw materials is also apt to make 
mistakes. 


(2) Most nonferromagnetic pure metals can be readily distinguished 
from one another by their conductivities expressed directly in 
terms of percent of International Annealed Copper Standard or 
%IACS. Standard conductivity has been defined by the Inter- 
national Electrotechnical Commission in terms of the amount 
of resistance to be found in a specific grade of high purity copper 
when measured at 20^C (68^F), This resistance amounts to 
approximately 0. 15 ohms per gram-meter and has been arbi- 
trarily designated as 100% conductivity. For example, pure 
lead has a conductivity of 8 to 9 %IACS. Gold ranges from 72 
to 77 %IACS. Tungsten is found in the range from 31 to 32 
%IA CS. Silver will be found at approximately 102 %IACS. An 
accompanying chart, figure 58, illustrates some of the con- 
ductivity of pure metals and a few of the more common alloys. 
The relatively narrow ranges of conductivities of the pure 
metals make it comparatively easy to sort one from the other. 


(3) 


Imost all alloys have ranges of conductivities and frequently 

ere is an overlapping of values. The accompanying chart, 

igure 59, shows a few of the light metals and their conductivity 

values. This overlapping cannot be avoided since it is the 

na ure of the material which governs the conductivity. Despite 

overlapping, conductivity is still a useful adjunct to 

S in the identification and sorting 

oi mixed metals and alloys, ^ 


(4) 


appear that measurement and 

measurement its ^ simple operation. The 

uorirsometirn ® >^°'"®''er, the interpreta- 

complex than these simple figures 

r^he refe'^en° conductivity listed 

can ex-St irmoretf''^ variations in value because mLls 
certafn tv^,es of nn " “""f 'condition. For example, 

ranging f^m 30 to^35* ’i?'” alloys have a conductivity 
S g irom JO to 35 %IACS when measured in the wrought 
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and quenched states. The same alloy, after precipitation 
hardening may have conductivities ranging from 80 to 90%. 

(5) Figure 60 shows how the addition of small quantities of other 
elements to copper causes a proportional and often marked 
decrease in electrical conductivity. Consequently, other factors 
being equal, the measurement of conductivity can be used to 
control the addition of alloying elements or to determine the 
presence of impurities, A good example of the former use can 
be found in the control of melt quality when producing phosphorus- 
deoxidized copper, particularly when a comparatively high con- 
ductivity is required. A test bar, 2. 50 to 3. 00 inches in di- 
ameter, when cast in a chill mold and cut as soon as it is cold, 
can be used as a rapid test for the conductivity, and consequently 
the composition, of a high conductivity melt, By reference to 
figure 61, the phosphorus content can be rapidly and accurately 
determined and, if necessary, correction made to the melt 
before pouring, 

(6) A further stage in foundry control is possible during production 
of high conductivity copper alloys by making use of the fact that 
their conductivity decreases linearly with increasing oxygen 
content. The flat characteristic of the curve, figure 60, in 
comparison with a curve for copper containing phosphorous, 
makes the evaluation somewhat more difficult, From the point 
of view of purely industrial application, the method enables a 
good insight to be obtained into the melting process without its 
being classed as an accurate analysis, Figure 62 shows a curve 
of electrical conductivity recorded during the melting of virgin 
copper under oxidizing conditions, followed by a deoxidation, 

At the end of oxidation, the test piece had a conductivity of 
93.5 %IACS, which corresponds almost exactly to that of the 
copper-oxygen eutectic (oxygen content 0, 37 percent), Copper 
phosphide was used in small quantities as a reducing agent, and 
consequently, samples taken during the deoxidation process 
revealed higher conductivities. After a sufficient amount of the 
reducing agent had been added, the curve reached a maximum 
at 99. 5 %IACS, falling off as more copper phosphide was added. 

In normal foundry practice, deoxidation is carried beyond the 
maximum point, and a suitable end condition between 0, 01 and 
0. 02 percent phosphorous is selected according to whether the 
charge is to be alloyed or cast directly. 

(7) A disadvantage connected with measurements in the region of 
maximum conductivity is that gas contained in the melt may 
produce a fine porous structure in the cast test samples which 
will give an incorrect conductivity figure for the melt. An 
experienced founder, however, can readily detect this kind of 
fault by means of a simple fracture test. By using electro- 
magnetic test apparatus, the founder can directly control the 
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FIGURE 60. EFFECT OF ADDITIONS OF OTHER ELEMENTS ON 
THE CONDUCTIVITY OF COPPER 



AMOUI 

THE ELECTRICAL CONDUCTIVI' 


OF PHOSPHORUS ON 
OF COPPER 
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state of the melt and, therefore, be in a better position to 
exploit the melting furnace more economically. It should be 
stressed, however, that this method must be regarded only as 
a practical aid, which does not replace precise analysis but 
offers the metallurgist a valuable and, above all, quick insight 
into operations at all stages of production. 

O'lnSTS FOR carbon CONTENT 
^ ^ 3rr omagnetic Materials. 

( 1 ) Carbon is the most important element present in any steel. 

The maximum hardness obtainable in a steel by quenching to 
a. structure consisting of 100 percent martensite is governed 
by carbon rather than alloy content. This relationship is shown 
in figure 63 where it should be noted that the maximum hard- 
ness value of Rockwell C 65 occurs at a carbon content of 
approximately 0. 55 percent, By the addition of alloying ele- 
ments, the effect of carbon may be intensified, diminished, or 
neutralized, 

(2) The relationship between carbon content of steel and its mag- 
netic properties gives a useful method of classifying steels 
according to carbon content. Before the metallurgist can use an 
electronic instrument for this purpose, he must make sure that 
extraneous variables such as alloy content and heat treating 
history do not produce a significant change in the magnetic 
p>roperties being compared, which might completely mask the 
desired correlation. 

(3) JTigures 64 and 65 illustrate the correlation between test instru- 
ment readings on standard steel test samples and their carbon 
oonlenl. By dete rmining relative amplitudes and phase relatior 
of the first and third harmonics, satisfactory correlation with 
carbon content is obtained on samples with 0, 40 percent carbon 
content and over, which are all cast from the molten metal and 
quenched in water. On samples with less than 0, 40 percent 
carbon which are allowed to cool slowly in the mold, no reliable 
correlation is obtained because of differences in cooling rate 
loetween the hot and cold molds, 

( 4 ) *Xhe A-series of samples tested varied from 0, 08 percent to 
O, 40 percent manganese and had the usual variations in sulfur, 
p>hosphorus, and silicon found in a series of heats of open heart 
steel. Only traces of chromium, nickel, molybdenum, and 
copper were present. These normal changes in analysis from 
laeat to heat did not interfere with the carbon correlation, 

(5) Series-B samples contained about 0, 10 percent chromium, 0, 50 
percent nickel, and 0, 07 percent molybdenum, This alloy conler 
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OXYGEN, WEIGHT % PHOS PHOR U3 , W El QHT % 


FIGURE 62. VARIATIONIN CONDUCTIVITY DURING THE 
DEOXIDATION OF COPPER MELT 



CURE 63, 


VERSUS CARBON CONTENT FOR 
ALLOY AND CARBON STEELS 
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0 0.20 040 0.60 0.80 1.00 1.20 1.40 1 60 


PERCENT CARBON 

URE 65. VARIATION OF PHASE ANGLE BETWEEN FUNDAMENTAL 
AND THIRD HARMONIC VOLTAGES INDICATES CARBON 
CONTENT OF SAMPLE 
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affects magnetic properties sufficiently to interfere with carbon 
correlation. Series -B samples can be identified by the test 
instrument and can be tested separately for carbon content. 

These graphs show that the instrument can correlate carbon 
content in samples of similar analysisj can distinguish between 
high and low alloy content samples, and can separate high and 
low alloy samples with the same carbon content. 

b. Nonferromagnetic Materials. Generally speakingj the presence of 
ca:^on is of primary importance in steels (ferromagnetic materials) and 
is introduced in the steel formation processes to improve the physical 
characteristics of steel. With nonferromagnetic material, however, the 
presence of carbon constitutes a naturally occurring impurity and is 
usually considered to be a contaminant. Notable exceptions are nonmag- 
netic stainless steels. Because of its presence in trace amounts and its 
insignificant influence upon the electrical conductivity of nonferromag- 
netic materials, tests for carbon content are not commonly performed 
and hence, do not merit discussion, 

56. TESTS FOR HARDNESS AND STRAIN 

a. ferromagnetic Materials, 

(1) A great deal of data is available giving a correlation between 
magnetic properties evaluated by harmonic analysis and various 
metallurgical properties such as hardness, impact strength, 
and structure. Most of the data has been obtained on carefully 
prepared sets of samples in which all variables were kept con- 
stant with the exception of the one under investigation. One of 
the least understood points concerning the application of electro- 
magnetic testing to the metallurgical field is that unimportant 
variables, usually ignored because they do not affect the service 
life of a metal part, may have a major effect on magnetic 
properties, For this reason, the translation of fundamental 
relationships between magnetic and physical properties into 
practical tests should be done very carefully, 

(2) The problem of measuring hardness, utilizing electromagnetic 
testing techniques, is notably different than that for flaw detec- 
tion. In hardness testing, changes in material properties from 
one specimen to another will affect the test results while in flaw 
detection, it may be possible to provide discriminatory techniques 
to minimize the effects of such "overall" average changes. 
Hardness testing requires test coils of only relatively simple 
design whereas in flaw detection, high small-area resolution 

is desired in conjunction with complex scanning methods. Most 
hardness testing methods provide two test coil configurations 
with an electronic comparator system. The test equipment is 
initially balanced with two specimens of known hardness. In 
subsequent tests, specimens of unknown hardness are substituted 
for one of the specimens, The degree of unbalance is then cor- 
related with hardness changes. 
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(3) The maximum percent increase of hardness of plain carbon 
steels by quencbing is obtained in steel containing between 

0. 35 and 0. 70 percent carbon. Above approximately 0. 55 per- 
cent carbon, there is a small increase in the hardness value 
obtained by quenching. Practical applications of a test for the 
hardness of steel components are illustrated by the two follow- 
ing examples; 

(a) Steel bolts, 0. 50 inch in diameter and 3. 00 inches long, 

~ were accidentally made of two different steels, SAE 1035 
and SAE 1020. The error was not discovered until after 
the bolts had been heat treated. The bolts made of SAE 
1035 were satisfactory, but those made of lower carbon 
SAE 1020 were too soft. The hardness of the two lots dif- 
fered by fifteen points Rockwell C. A few samples of bolts 
made of each steel were identified in a hardness machine. 

A soft bolt was placed in the instrument test coil, and the 
flux density and harmonic phase adjusted to give the pattern 
(A) of figure 66. Inserting a bolt made from SAE 1035 steel 
gave the pattern (B) of figure 66. The several traces in 
each pattern indicate the limits of variation of the patterns 
for fifty samples. This preliminary work established the 
fact that there was no overlapping of the indications for 
bolts made from the two steels at the flux density chosen, 
Sorting proceeded on the mixed bolts at a rate of about one 
per second. 

(y Steel bars were sorted to reject those softer than Rockwell 
C 32. Readings of first and third harmonic amplitude did 
not provide a practical separation. However, observation 
of the relative phases provided a sufficiently sensitive test 
for correlation with hardness so that the separation could 
be made, 

(4) In many instances, one of the two types of display gives the 
better and more easily read indication of metallurgical 
differences. There is also an optimum test magnetic flux 
density for a particular sorting problem, A few tests at various 
values of energizing current will establish the most satisfactory 
flux density in each instance. 

(5) The effects of stress on the magnetic permeability of steel is 
shown in figure 67, where the distinct points of the stress strain 
curve are shown plainly by the changes of shape at the limit of 
proportionality and at the apparent elastic limit. Investigation 
of this behavior has shown that the magnetic characteristics 

can provide considerable information on the small internal 
strains in ferromagnetic materials. 

(6) Figure 68 shows the B-H curve of an unstressed bar of carbon 
steel superimposed on the B-H curve of the same bar under 
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FIGURE 66. SEPARATION OF SOFT BOLTS FROM HARD ONES WAS 
DONE BY OBTAINING PATTERN AT (A) FOR SOFT BOLTS AND 
PATTERN AT (B) FOR HARD BOLTS, BOTH THE RELATIVE 
AMPLITUDE AND THE PHASE OF THIRD HARMONIC RELA- 
TIVE TO THE FUNDAMENTAL CHANGED TO GIVE THE 
INDICATION OF HARDNESS IN THIS INSTANCE 


FIGURE 67. THE EFFECT OF STRESS ON THE PERMEABILITY OF 

A STEEL SPECIMEN 


1 
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FIGURE 68. B-H CURVE OF CARBON STEEL BAR STRESSED COM- 
PRESSIVELY TO 94, 000 PSI (HEAVY CURVE) SUPERIMPOSED 
ON CURVE OF SAME SAMPLE UNSTRESSED (LIGHT CURVE) 



FIGURE 69. DIFFERENCE B-H CURVES FOR CARBON STEEL BAR 
STRESSED IN TENSION BY VARYING AMOUNTS, (a) UNSTRESSED 
SAMPLEj (b) 19, 000 PSI; (c) 38, 000 PSI; (d) 56, OOO PSI; (e) 71, 000 
PSI; (f) 84, 000 PSI; (g) 94, 000 PSI; (h) 103, 000 PSI (SAMPLE 
BREAKING); (i) TENSION RELEASED AFTER STRESSING 
TO 56, 000 PSI; (j) RELEASED AFTER 71, 000 PSI; (k) RE- 
LEASED AFTER 84, 000 PSI; (1) RELEASEE 
after 94, 000 PSI 
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94, 000 psi compressive stress, To magnify the difference 
between these two curves, it is convenient to subtract one from 
the other. This may be done by using two-coil systems, pri- 
maries connected in series, and secondaries in series opposing. 

In this way, the output signal consists only of the differences 
in voltage induced in the two secondaries. The test sample 
undergoing stress is placed into one primary-secondary pair; 
an unstressed sample of identical dimensions and material is 
placed in the other. The net voltage across the opposing 
secondaries will be proportional to the difference of conditions 
within the two coils and may be amplified appreciably, then 
integrated and displayed on an oscilloscope screen to produce 
the difference curves in figure 69. Curve (a) of figure 69, 
taken before either sample was stressed, shows only a straight 
line indicating that the two samples are identical. As one sample 
was stressed in tension by successively greater loads, the 
different curves (b) to (h) of figure 69 resulted. 

(7) Curves (i) to (1) of figure 69 show that permanent effects, if 

any, had been produced by the various amounts of stress applied. 
Curve (i) was obtained when tension was reduced to zero after 
having reached 56,000 psi. It shows no changes from the initial 
condition of the material. Upon being released from 71, 000 psi, 
however, the sample shows a permanent change, as shown in 
curve (j), indicating that the elastic limit had been passed. This 
residual effect becomes more pronounced as the sample is re- 
leased from higher loads, as shown in curves (k) and (1). 

Nonferromagnetic Materials. 

(1) NIany physical properties of the lighter metal alloys are related 
to their conductivity characteristics. The conductivity of aged 
aluminum alloys, for example, is definitely associated with hard- 
ness as is illustrated in figure 70. Hardness is a significant 
quality-determining property of a material and is established 
primarily by chemistry, heat treatment, and stress forming 
cold work processing. Each of these parameters can affect the 
electrical conductivity. Extensive use is made of the relation- 
ship between hardness and conductivity, particularly in the air- 
craft industry. This relationship has proven to be exceptionally 
useful and time saving for checking pressed parts made of 

aluminum- copper -magnesium alloys. Here, two calibration 
samples of known hardness were used to determine the range of 
tolerance. It was noted that the conductivity response paralleled 
hardness for aluminum-magnesium-zinc alloys when the materials 
were quenched at different temperatures. Under some conditions, 
conductivity was found to be a better indicator of the desired 
physical properties than Brinell hardness, 

(2) Incomplete quenching of light metal alloys often results in the 
development of soft zones. Occasionally this same type of flaw 
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FIGURE 70. RELATIONSHIP BETWEEN CONDUCTIVITY AND HARD- 
NESS IN COLD AGE-HARDENED ALLOYS 




FIGURE 71. TYPICAL TRACES FOR HEAT- STRESSED STEELS 
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occurs at the end of extruded sections. If a rapid scanning of 
the specimen surface is made with a probe coil to determine 
the variation in conductivity, the softer zones may be readily 
detected and steps taken to correct the process. It is obvious 
that it is easier to scan a complex shape with a probe coil than 
to measure hardness by conventional methods. 

57. TESTS FOR HEAT TREATMENT 

a. Ferromagnetic Materials, 

(1) In the general sense, heat treatment may be defined as an 
operation or combination of operations involving the heating 
and cooling of a metal or alloy in the solid state for the purpose 
of obtaining certain desirable conditions or properties. The 
usefulness of steel is due largely to the relative ease with which 
its properties may be altered by properly controlling the manner 
in which it is heated and cooled. The changes which occur in 
the properties of steel are directly related to changes in the 
structural make-up of steel, 

(2) Annealing tends to increase the saturation flux density in strong 
fields and has the same effect on the incremental permeability. 
There is sometimes a reduction in the value of resistivity. 

Effects given by the different types of steels were shown in 
figure 57, the main difference being the number of subsidiary 
peaks which appear with the annealed specimens; this difference 
becomes particularly noticeable when the high carbon specimens 
are compared. With steels of high silicon or manganese content, 
an enlarging of the loops on the trace is apparent even when the 
sensitivity of the test instrument has been considerably reduced. 

(3) Hardening appears to have one very striking effect on the trace, 
the appearance of a pronounced angularity, making these patterns 
noticeably different from those of annealed specimens. Figure 71 
shows a typical set of traces for the same steel under different 
conditions of heat treatment. The effect given by the presence 

of internal strains is unmistakable. 

(4) Much more work has to be done to correlate the various com- 
plicated traces with the metallurgical structure so that meanings 
can be attached to small pattern peculiarities. 

b. Nonferromagnetic Materials. 


(1) The age -hardening of copper alloys has become increasingly 
important in recent years in the search for materials having 
improved tensile and heat-resistant properties , combined with 
as high an electrical conductivity as possible. Since all these 
alloys are subjected to more complex heat treatments than 
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normal copper alloys, the control of their properties is more 
important and less easily accomplished. However, it is gen- 
erally known that during age-hardening, the hardness and 
conductivity of the alloys vary. Consequently, the degree of 
age -hardening attained can be checked not only by a hardness 
test, but also, more readily, by measurement of the electrical 
conductivity. 

(2) An excellent example of this is afforded by the copper- chromiun 
age -hardening alloy containing approximately 1% chromium. T1 
properties of this alloy can be modified as shown in table VIII, 
by suitable solution-treatment and ageing. As can be seen from 
table VIII, the entering of the chromium into solid solution in 
the copper causes a marked decrease in electrical conductivity 
which reaches a minimum of approximately 3 8 %IACS. This 
relationship, therefore, affords an important means of 
scientific control, since it is' impossible to produxce an alloy 
with optimum properties during the final ageing process if the 
solution-treatment is incorrect. By rapidly checlcing the 
components for conductivity after the solution treatment, the 
success of the age-hardening process can be gauged, 


Table VIII. PROPERTIES OF COPPER - 1% CHROMIUM: ALLOY IN 

VARIOUS CONDITIONS 


— 

Condition 

Yield 

Point 

KSI 

UTS 

KSI 

Elongation, 
% on 2 in, 

Hardne s s , 
DPH 

Conduc- 
tivity, % 
lACS 

As cast 

9 

27 

42 

60 

59 

Hot worked 

18 

33 

40 

71 

69 

As hot worked 
and quenched 
from 1050^0 

10. 2 

29 

40 

64 

38 

As quenched and 
aged at 500°C 
for 1 hr 

39. 2 

54. 4 

25 

152 

85 


(3) The ageing treatment consists of heating the quenched compo- 
nents^ to a suitable temperature between 752^F (400OC) and 
1112 F (600°C) to precipitate most of the chromium from 
solution, Figure 72 shows the relationship between the hard- 
ness and conductivity of age -hardened components and their 
ependence on the ageing temperature. By checking the con- 
uctivity and referring it to this curve, the success of the 
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FIGURE 72. VARIATION OF (a) HARDNESS AND (b) CONDUCTIVITY 
WITH AGEING TEMPERATURE FOR A COPPER- 1% 
CHROMIUM ALLOY 



FIGURE 73. HARDNESS AND CONDUCTIVITY OF 7075 ALUMINUM 
ALLOYS AS A FUNCTION OF AGEING AT ROOM TEMPERATURE 
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treatment can be measured very rapidly, In this case, hardness 
measurements will give equivalent control, Often, however, 
particularly with large castings or forgings, it is not possible 
to test the hardness or tensile strength of the actual component 
and, consequently, determinations are carried out on specially 
cast test pieces. These determinations can be very misleading, 
particularly if the component is of very large cross-section; 
thus, for each application, the measurement of conductivity on 
a small ground area of the actual piece will provide the most 
accurate means of control, 

(4) Another interesting example of the relationship between a 

metallurgical property and electrical conductivity is shown in 
figure 73, which indicates a similarity between the shapes of the 
curves for conductivity and hardness as a function of ageing time 
at I'oom temperature for samples of aluminum alloy 7075, An 
additional relationship is illustrated in figure 74 which shows 
yield strength of 70 75-T6 aluminum alloy samples as a function 
of electrical resistivity (inverse of electrical conductivity). 

These samples were ove raged for 10 minutes at different 
temperatures varying from 300^F (149°C) to 600®F (316*^0), 

In both of these illustrations, it can be seen that no unique 
relationship exists between the electrical conductivity of the 7075 
aluminum alloy and its hardness or yield strength, This lack of 
uniqueness can be shown by referring to figures 73 and 74. 

Figure 7 3 shows that after approximately 14 hours of ageing at 
room temperature, there is relatively little change in either 
hardness or conductivity with time, so that approximately the 
same value of either hardness or conductivity will be obtained 
for values of ageing lime gi’oater than 14 hours, In figure 74 
it can be seen that there is very little change in yield strength 
for values of resistivity equal to or greater than 5.0 microhm- 
centime tor so that approxiinately the same value 

of yield strength will be obtained for values of resistivity greater 
than 5, 0 microhm -centimeter, These examples do serve to 
illustrate, however, that in many particulai* instances in which 
only one processing variable is varied, the resultant metallurgical 
property can be indirectly determined, within certain limits, by 
an eddy current conductivity measurement. There are countless 
instances in which this sort of relationship is being pul to 
practical use, An example is the checking for overheating of 
SAE 4340 steel rotors in J-47 turbojet engines. In this applica- 
tion, the rotors are checked at predetermined locations during 
routine maintenance for the detection of localized overheating 
of the engine during operation. 

58. TESTS FOR CASE DEPTH 
a , Ferromagnetic Mate r i cU£, 

(1) The parts of some equipment must have a very hard, wear- 
resistant surface and also possess great toughness, Such a 
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FIGURE 75, TYPICAL COMPARATOR CURVE FOR CASE-DEPTH 

DETERMINATION 


AMCR 715-501 
Volume 2 


combination is usually not possible in a piece of steel. If the 
steel is heat-treated to give maximum surface hardness, it is 
too brittle. If it is treated for maximum toughness, it will not 
be hard enough. Consequently, several processes, known as 
casehardening, have been developed by which this combination 
of properties can be attained. Processes include carburizing, 
cyaniding, nitriding, and localized surface hardening, The 
surface hardness obtained by the first two processes (carburizing 
and cyaniding) depends upon heat-treatment after the composition 
of the case has been altered. The third process (nitriding) 
alters the composition of the case in such a way that the com- 
pounds formed are inherently hard. The last process, case- 
hardening (surface hardening), depends entirely upon heat- 
treating the surface of a hardenable steel. 

(2) It is sometimes possible to use electromagnetic measurement 
techniques for the determination of case depth thickness. In 
normal carburizing techniques, it is not possible to absolutely 
control the accuracy of the amount of carbon diffusing into the 
surface layers; during the subsequent heat treatment, it is not 
possible to accurately control the internal structure of the metal 
core. For these reasons the magnetic behavior of the specimens 
is not constant, and at best, only a rough indication of the case 
depth may be obtained. Comparisons are more easily obtained 
than definite quantitative figures, but in this case, -it is important 
to sort the material first in regard to core structure. This 
requirement involves the use of some type of magnetic sorting 
bridge. A low frequency applied to the coils of the sorting bridg 
or any other electromagnetic comparator will give good penetra- 
tion of the core material and allow the segregation of test pieces 
into groups having like core structures, Use of a higher fre- 
quency will then allow sorting according to case depth. 

(3) With specimens hardened by high frequency induction or by flam^ 
hardening processes, differences in the structure of the core 
material are not likely to arise and the actual chemical compo- 
sition of the metal is the same in the case as in the core. How- 
ever, due to the heat treatment, the metallurgical structure of 
the case is very much different from that of the base metal, and 
in addition, there is a great difference in the magnetic and 
electrical characteristics of the two structures. By using a 
frequency of 250 cps and standard specimens of known case depths, 
a typical comparator curve for case -depth determination can be 
obtained, figure 75, showing almost a straight line relationship 
between the depth of case and the reading on the comparator 
indicator, 

(4) Much work has been done to develop a satisfactory electromag- 
netic method of measuring the case thickness in components 
treated by carburizing, but little success has been obtained. 
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FIGURE 76, PHASE ANGLE BETWEEN FUNDAMENTAL AND THIRD 
HARMONIC WAS USED TO IDENTIFY SAMPLIES HAVING TOO SOFT 
A CORE. (A) THE TWO PHASE PULSES ARE MADE TO APPROX- 
IMATELY COINCIDE FOR SATISFACTORILY HARD SAMPLES, 

(B) SEPARATION OF PULSES INDICATES, IN THIS CASE, 

THAT THE CORE IS SOFT. 
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No electromagnetic methods appear to have been devised for the 
satisfactory measurement of the thickness of the hard surface 
layer on nitrided steels. 

(5) An example of an electromagnetic test involving case depth is 
given by the following practical application. Among 700, 000 
case-hardened track pins, there were some whose core hard- 
ness did not meet specifications, although the surface hardness 
was satisfactory. Obviously, it was impossible to segregate 
the unsatisfactory pins by hardness testing. Satisfactory pins 
ranged from 32 to 38 Rockwell C hardness in the core; unsatis- 
factory pins ranged well above and below these limits. Applying 
harmonic analysis techniques, the relationship of phase angle 
between the voltage amplitude of the fundamental and the third 
harmonic was used to identify samples having too soft a core. 

The two phase pulses are initially made to approximately 
coincide for satisfactorily hard samples, curve (A) of figure 76, 
Separation of the pulses indicates, in this case, that the core 
is soft, curve (B) of figure 76. The differences in phase angle 
between acceptable and unacceptable samples for this applica- 
tion were more evident than differences in harmonic amplitudes, 

b, N onferromagnetic Materials. 

(1) An application relating conductivity measurements to surface 
tempering occurred in a foundry which cast large chromium- 
copper electrical contactors. Conductivity values of 85 %IACS 
were found in the case surface. After grinding approximately 
0,030 to 0. 040 inch from this surface, the conductivity dropped 
to 40 %IACS, and varied between 40 and 60 %IAGS over this 
ground area. This reduction and drastic change in conductivity 
posed a problem, and a series of tests were conducted to 
explain these mysterious results, 

(2) A section of the contactor was etched and a photomicrograph 
made. Two significant facts were evident. First, an apparent 
skin of approximately 0, 010 inches or greater was detected on 
the as- cast surface. This finding indicated that the piece was 
heat treated at the surface only, resulting in high conductivity 
within the skin and lower values at a greater depth, The sample 
also had extremely large grains, some 0. 60 inches in length. 

The large grains accounted for the inconsistency in conductivity 
measurements made on the ground surface, because the individual 
copper crystals not only exhibited directional properties of con- 
ductivity, but also tended to have different absolute values, It 
was possible to detect the grain boundaries by scanning the 
surface with a probe coil, 

(3) The contactor sample was tempered at approximately 950^F 
(510°C) for 2-1/2 hours, Table IX illustrates the results 
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achieved, As a result of this tempering, the conductivity of 
the entire sample was raised to the expected value of 83 to 85 
%IACS, and the Rockwell hardness also increased. This lela- 
tionship between the tempering process and conductivity indi- 
cates tLt a much higher average value of conductivity could 
be obtained throughout the entire casting by correct precipita- 
tion treatment. It is evident that conductivity measurements 
can be used to determine the optimum heat treatment conditions 
and to enable a foundry to maintain closer control over experi- 
mental and production castings. 


Table IX. TEST INSTRUMENT DATA 



Conductivity of 

— 

Ground Surface 

Condition 

"As-Cast" Surface 

Conductivity 

Hardness 

As Received 

85 %IACS 

45 %IACS 

27 Rg 

As Tempered 

85 %IACS 

83 %IACS 

53 Rg 


Section III. TESTS FOR DISCONTINUITIES AND INHOMOGENEITIES 
ACCORDING TO SPECIMEN GEOMETRY 

59. GENERAL 

a. This section is concerned with the detection and evaluation of sur- 
face’ and internal discontinuities and other conditions relating to quality, 

A large number of different techniques are in use in electromagnetic 
testing involving special sensing coil systems and data processing circuitry 
which depend upon the particular shape of the part to be inspected, or some 
other property peculiar to the part, for their successful utilization. 
Generalizations regarding these many techniques are unwarranted and in 
many instances are very misleading, There are, however, several under- 
lying factors which are common to most of the techniques, ancl these will 
be discussed briefly in the following paragraphs, 

b. In evaluating an inspection problem, certain philosophies behind 
the inspection requirements must be considered. One consideration 
involves an inexpensive item produced in large quantities, while the other 
is concerned with expensive items produced in smaller quantities, To 
inspect large quantities of inexpensive items, it is sufficient to screen out 
all defective material although in doing so, some good material may also 
be rejected. Where the item is expensive and produced in smaller 
quantities, it is desirable to analyze the nature of the flaw to reduce the 
number of rejects to a minimum. 

£, When alternating current test methods are used on ferromagnetic 
materials, it is sometimes difficult to distinguish between the effects of 
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real material defects and those effects due to permeability variations 
directly or indirectly by structural or stress variations. This is because 
electromagnetic flaw detectors generally tend to respond more to permea- 
bility variations than they do to defects. Most of the false indications 
given by permeability effects can be neutralized if the component being 
tested is magnetized to well beyond the saturation value by means of a 
powerful direct current field. When saturation is complete, only varia- 
tions in conductivity, dimensions, and the presence of discontinuities in 
the test part will affect the electromagnetic test equipment. In this state, 
the behavior of magnetic materials is comparable to that of nonmagnetic 
materials, so that eddy current principles may be used exclusively to 
explain the modes of flaw detection. As the test part leaves the region 
of the direct current field, it not only regains its magnetic properties 
but also retains a certain amount of magnetism, Demagnetizers can be 
employed, if necessary, to erase this magnetism. 

d. Discontinuities may be detected in metal parts if they are situated 
in such a manner that they locally interrupt the flow of induced eddy cur- 
rents in sufficient quantity to alter appreciably the impedance of the 
electromagnetic test coil, A very narrow discontinuity which lies in a 
plane parallel to the direction of the eddy current flow will not be detect- 
able, since it will not appreciably alter the flow of current. For example, 
a radial crack in a tube being inspected with an encircling coil would be 
detectable, since it would interrupt the induced currents circulating 
around the tube wall; however, a discontinuity lying in a plane parallel 
to the principal surface of the tube would not be detectable, A gross 
lamination in which considerable separation occurs in the metal would, 
of course, be detectable, 

_e. The density of the induced currents in a metal part decreases as a 
function of depth below the surface of the part. The exact nature and 
severity of the attenuation with depth is a function of the conductivity and 
permeability of the part, the frequency of the exciting current, and the 
configuration of both the part and the coil system. Thus, identical dis- 
continuities at different depths below the surface will produce impedance 
changes in the coil which are not identical; the signal produced by a dis- 
continuity of given size will decrease as a function of depth below the metal 
surface. This phenomenon seriously hampers efforts to produce quantita- 
tive eddy current test results. In addition, it is quite possible that the 
conditions which produce the discontinuity also produce changes in the 
permeability or conductivity of the metal adjacent to the discontinuity, 
which further hampers attempts to produce quantitative results. 

_f. Another factor which must be considered in the detection and evalua- 
tion of discontinuities, is the separation of signals produced by discontinu- 
ities from signals produced by the large number of other, variables in the 
inspection system. Since the exact nature of the signals which are obtained, 
and therefore their interpretation, depends entirely upon the configuration of 
the part and the type of coil system employed, no further generalizations 
can be made. The remainder of this chapter will be concerned with the 
inspection of tubes, rod, wire, sheet, plate, the measurement of thickness, 
and the inspection of end items. 
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60. INSPECTION OF TUBES, ROD AND WIRE 

a. The inspection of tubing is particularly important in view of the 
se\^re fabrication processes frequently employed, and the high duty servict 
required from tubular structures. A very large proportion of commercial 
tubing is formed by seam welding, a process likely to introduce a number 
of defects if not done correctly. As these weld defects can lie along the 
whole length of the tube, a 100 percent inspection is frequently required. 
Seamless drawn tubing, produced either by piercing or extrusion, may 
contain surface defects due to the ingot condition or the piercing or extru- 
sion processes. The ingot defects retained by the tube take the form of 
elongated flaws or seams which are very difficult to detect by normal 
visual methods, 

b. As many of the forming operations involve expanding the tubes, the 
presence of any elongated nonmetallic stringers is particularly undesir- 
able as they are likely to give rise to serious splits during the expanding 
operation. The stringers usually occupy only an extremely small portion 
of the metal cross-sectional area and this considerably increases the 
difficulties associated with their detection. 

c. For the satisfactory inspection of tubes, rod and wire, the following 
essential requirements must be satisfied; 


(1) 

The test must be absolutely nondestructive. 


(2) 

The test must be rapid and reliable. 


(3) 

The position of defects must be indicated to assist in 
of sound material. 

the salvage 

(4) 

The test should not require the material to be formed 
special way. 

in any 

(5) 

No special cleaning methods should be necessary. 


(6) 

When possible, the testing should be automatic. 



d. Among the factors interfering with satisfactory inspection operation 
3 the following; 

(1) The minute size of serious defects. 

(2) Slight variations in wall thickness, allowed in the specifications, 
are sufficient to mask indications given by defects. 

(3) Slight eccentricity of the tube walls. 

be lengths. 

» a,jL ictuiuns in tne composition and magnetic and electrical 
properties of individual lubes. 
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At their present stage of development, electromagnetic techniques 
can, if properly utilized, be used to perform valuable inspection on small 
diameter tubing or pipe, For the detection of gross defects in commercial 
grade tubing or pipe, the encircling coil technique is the fastest and most 
effective nondestructive test which exists today. The inspection of premium 
quality tubing or pipe for critical applications by this method allows: 

(1) High speed detection of intergranular corrosion on the inside 
surface, 

(2) The detection of foreign metal pickup on the inside surface. 

(3) High speed continuous gaging of dimensions of the tubing or 
pipe, 

(4) High speed detection of defects. 

_f. Intergranular attack on the inner surface of tubing produces signals 
similar to the indications illustrated in figure 77 which appear less sharp 
than signals caused by cracks. The indicated signal was produced by the 
0. 002 inch deep, corrosive condition shown in the photomicrograph. The 
smaller signals appearing on the trace were produced by dimensional 
variations and less severe conditions of intergranular attack. 

Foreign metallic particles are sometimes found embedded in the 
inside wall of redrawn small diameter tubing or pipe, These bodies are 
usually picked up from tools used in the manufacturing of the tubing or 
pipe and generally have a high magnetic permeability; hence, they are very 
easily detected by eddy currents in a nonferromagnetic tube or pipe, Fig- 
ure 78 shows a photomicrograph of two such pickup areas on the inside 
wall of an Inconel tube and the corresponding eddy current trace. The* tube 
has a nominal outside diameter of 0. 188 inches and a wall thickness of 
0.025 inches. The defective areas are indicated by the two sharp negative 
spikes on the trace. The smooth cyclic variations in this trace are due to 
dimensional variations in the lube, 

h. The ability of an electromagnetic test system to distinguish between 
diameter and wall -thickness variations is illustrated in figure 79. The 
signal traces are recordings from the two signal channels, reactive and 
resistive components respectively, for two 35-inch lengths of Inconel 
tubing (0. 229 inch outside diameter; 0, 02 5 inch wall thickness) which were 
previously stretched to accentuate their dimensional variation. Above the 
traces are shown plots of the average wall thickness as measured with 
the ultrasonic resonance thickness gauge. Plots of the average outside 
diameter, as measured with mechanical micrometers, are shown below 
the traces, It is readily seen that a close correlation exists between the 
instrument signal and the other independent measurements. The electro- 
magnetic gauging was accomplished at a linear tube speed of approximately 
1 foot per second and at an operating frequency of 189 kilocycles per 
second, 
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INSTRUMENTATION: CYCLOGRAPH TYPE WITH ENCIRCLING COIL 

FREQUENCY: 78 kc 

TUBING: */2“ x 0.0625 -In NIMONIC 



FIGURE 77. EDDY CURRENT SIGNAL TRACE AND PHOTOMICROGRAPH 
OF INTERGRANULAR CORROSION ON INSIDE SURFACE OF 

NIMONIC TUBING 
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FIGURE 78. EDDY CURRENT SIGNAL TRACE AND PHOTOMICROGRAPP 
OF DEFECTIVE ICONEL TUBING OF 0. 188 INCH NOMINAL 
OUTSIDE DIAMETER WITH A WALL THICKNESS 

OF 0.02 5 INCHES 



FIGURE 79. COMPARISON OF RESISTIVE AND REACTIVE COMPON- 
ENT SIGNAL TRACES WITH ACTUAL DIMENSIONAL VARIATIONS 
IN AN INCONEL TUBE OF 0. 229 INCH NOMINAL OUTSIDE 
DIAMETER WITH A WALL THICKNESS OF 0, 025 INCHES 
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i. Eddy current techniques have been effectively used in electric weld 
milTs supplying 0. 25 to 2, 50 inch OD steel tubing for either mechanical 
or pressure applications, Leakers and certain defects in the weld zone 
that may result in breaks during forming or fitting processes are most 
critical for pressure applications; whereas, poor welds, surface finish 
affecting plating, and those defects that may cause structural failure are 
most important considerations in mechanical tubing applications. Classes 
of defects which have been detected in electric weld steel tubing are 
illustrated in figure 80. 


j. The examination of steel bar stock is also of particular importance. 
For example, when using lathes with automatic controls for machining bar 
stock, it is essential that the starting material be free from flaws. 
Obviously, it would be not only senseless but very costly to complete the 
machining of a piece of metal and then find out is was worthless. The most 
common flaws in bars or rods result either from heat treatment or from 
ingot defects, and consist of seams, surface and subsurface cracks, 
slivers, segregations, hard spots, surface scabs, and voids. Figure 81 
shows: (a) a seam and a crack in a high quality alloy steel bar, and (b) 
a serious subsurface crack in a plain carbon steel bar. These defects 
are readily detected by electromagnetic test equipment. 

k. An automatic eddy current inspection system for locating defects 
that would affect the end use quality and reliability of tubing or pipe is 
pictured in figure 82. The system combines electronic and mechanical 
equipment. Pipe or tubing is fed through an eddy current sensing coil 
by rneans of a heavy-duty, mill service feeder that restricts the transverse 
motion of the fast-moving pipe or tubing to 0. 050 inch or less in any direc- 
tion from true center. This rigid control is necessary to prevent false 
signals as the pipe passes through the inspection coils. As the electro- 
magnetic instrumentation senses a defect, a signal is created which trig- 
gers one or more readout methods such as a time delay and paint spray, 
oscilloscope, pen recorder, flashing light, or audible alarm. Setup and 
alibration of the detection system is simple and straightforward. How- 
yer, calibration is required each time the sensing coil is changed for a 
iffcrent pipe or tubing size. For calibration, a sample containing a re- 
resentative artificial defect is passed through the coil several times and 
le equipment adjusted to detect it. Generally, maximum mill speeds can 
e achieved, depending upon the sensitivity level desired. This sensitivity 
2 vel is variable and can be controlled. Three to six inches of the ends of 
ach length of pipe or tubing will respond as defects to the sensing coil. 

o suppress this end-effect, a circuit is usually added to avoid triggering 
ne readout systems. " 


improved quality result from wire that has been inspected 
electrcmagentic flaw-detection equipment such as that shown in fig- 

The mechanical handling features of the test equipment permit the 
[pure etect harmful flaws at production speeds as shown in 

prnrrl System provides a permanent paper chart 

ecord for each bundle of wire showing any questionable sLtions. These 
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FIGURE 80. CLASSES OF DEFECTS WHICH HAVE BEEN DETECTED 
IN ELECTRIC WELD STEEL TUBING 


137 










AMCR 715-501 
Volume 2 



(a). 

Springs of improved quality result from wire that has been inspected on 
this eddy-current flaw-detectiomequipment. Electronic control panel 
at right prints a paper -tape record that indicates harmful nicks, seams, 
or scratches in the wire. Spray gun at left naarks location of flaws in 
the wire, 



FIGURE 83. EDDY-CURRENT FLAW-DETECTION EQUIPMENT 
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(a). F^o action o£ typical tape record of valve - spring wire inspected by auto- 
rn.a-t:jLc flaw- detection equipment. Defect indications are of pits 0, 002" 
-O . 003" deep. 



^ ^ Pits wire as located by automatic flaw-detection equipment, 
(0, 187 valve -spring wire^ unetched, Magnification - 15X), 


FIOUH.E 84, TRACE AND FLAWS FOUND BY AUTOMATIC FLAW- 

DETECTION EQUIPMENT 


141 



AMCR 715-501 
Volume 2 





(c). Sliver found by automatic flaw detector. (Magnification - 15X). 



(d). Seam. 0» 003” deep located by automatic flaw-detection system, 
(0. 187 valve- spring wire, unetched. Magnification - 3 OX). 


FIGURE 84 (Cont). TRACE AND FLAWS FOUND BY AUTOMATIC 

FLAW- DETECTION EQUIPMENT 
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sections are immediately marked by colored lacquer for identification and 
subsequent rejection if they contain an excessive number of flaws. 

m. When testing wire> it should be remembered that commercial 
tolerances permit slight variations in the diameter, chemical composition, 
and hardness. These variations could result in test signals indicating de- 
fects. To eliminate the effect of these small variations, a differential 
coil system is utilized. Since minor variations in diameter, chemical 
composition, hardness, etc. , occur gradually along the length of the wire, 
and as both coils are affected equally, no test signal results. A defect, 
however, affects first one coil and then the other, changing or unbalancing 
their output and resulting in a signal which triggers the alarm, and is 
recorded on a paper chart. By the proper interpretation of the chart, as 
shown in figure 84a, the nature of the defects in the wire being tested can 
be determined. Examples of defects which have been detected in wire 
include pits, slivers, and seams and are illustrated in figures 84b, c, 
and d, respectively. 

61. INSPECTION OF SHEET AND PLATE 

a. The three principal areas of inspection of sheet and plate involve 
tesTs for material properties, flaw detection, and thickness measurements. 
An example of the Hrst area is the measurement of the mechanical prop- 
erties of Armco 17-7 PH steel sheet during stretch-ageing operations. 

The determination is accomplished by using a relationship between the 
meter indications of the electromagnetic instrument, used in conjunction 
with a probe coil, and the previously determined aged mechanical prop- 
erties of the material, In this example (fig. 85), the die or back-up plate 
of the press is first chilled to 20°F (-6. 7°C), then the sheet is stretched 
with the test probe in direct contact with it, The stretching is continued 
until the meter reads in the prescribed range which has been established 
by trial and error. After stretching, the sheets are pierced, routed, or 
otherwise made into blanks. After forming, the parts are aged to 850°F 
(454°C) for one hour. This procedure enables finite control of the pro- 
cess which is aimed at providing sheet properties of 5 percent elongation 
and 180, 000 to 220,000 psi of ultimate tensile strength. Using this electro- 
magnetic technique for sheet acceptance, 92 percent of the acceptance ten- 
sile tests have been eliminated resulting in savings of labor, material, 
and testing cost. 

b. Inspection of large size sheet and plate for the location of defects 
is usually accomplished by scanning the surface area of the material with 
a probe coil by either manual or mechanical means. Any instrument 
indications which are obtained must be correlated with the severity of the 
defects. Acceptance levels associated with instrument indications must 

be predetermined either by using a standard containing natural or machined 
defects, or by experience since the test conditions associated with each 
inspection problem require a unique solution. 

c. The remaining area of inspection of thin sheet and plate is the guag- 
ing~of thickness. This application shall be discussed in paragraph 62. 
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FIGURE 86. OPERATOR PLACING EDDY CURRENT PROBE IN 
CONTACT WITH A SHEET TO BE STRETCHED. IT IS HOOKED 
TO THE METER OVERHEAD, AND METER READINGS TELL 
THE OPERATOR WHEN TO STOP THE STRETCHING 

OPERATION. 
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62. MEASUREMENT OF THICKNESS 

a. General. The metal industries produce a large number of metal 
products which are clad or coaled with another, usually more expensive, 
metal to obtain special surface properties such as corrosion resistance, 
wear resistance, or improved appearance. These coatings are produced 
by various methods, most important of which are electrodeposition, hot- 
dipping, cladding, and spraying. For controlling the thickness of the 
deposit and also for inspection purposes, reliable and rapid methods of 
measuring the metallic coatings are necessary. There are many methods 
available including chemical, mechanical, optical, microscopic, magnetic, 
electromagnetic, X-ray, spectroscopic, and radioactive techniques, each 
of which has certain particular fields of application, although there is 
considerable overlapping. The discussion of the measurement of thick- 
ness by electromagnetic techniques will include the measurement of coat- 
ing thickness, the measurement of cladding thickness, and the gauging of 
sheet and Ihin plate thickness. 

b. Coating Thickness. 


(1) Within recent years, electromagnetic techniques have found 
widespread use in the plating and paint industry for measuring 
the thickness of coatings. Such applications have utilized eddy 
currents at particular frequencies to take advantage of the sen- 
sitive relationship between conductive coating thickness and the 
depth of current penetration. Thicknesses of gold, silver, 
copper, and other metallic platings can be determined up to a 
few thousandths of an inch to within 2 or 3 percent accuracy. 
Paint coatings or other insulated coatings on metallic bases have 
also been ineasured by eddy currents. For measuring paint 
thickness, the "'gap" or coupling between the test coil and the 
metal or alloy is used as a measure of the paint coating thick- 
ness, 

(2) There are four general types of combinations of coatings and 
base materials which lend themselves to electromagnetic test- 
ing, The operating procedure used with the test instrument for 
a specific combination of materials is governed by each partic- 
ular case. The classification of combinations of coatings and 
base materials is as follows; 

(a) Metal coating has a higher conductivity than the base metal, 

” for example; copper, zinc, or cadmium on steel, etc, 

(b) Metal coating has a lower conductivity than the base metal, 

” for example; chromium on copper, lead on copper, etc, 

(c) Non-conductive coatings on a metallic base material, such 
” as anodic film or paint on aluminum, organic coatings on 

metals , etc, 
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(d) Metal coatings on a nonconductive base material, such as 
metallic films on glass, ceramics, plastics, etc. 


(3) Eddy currents induced in a metallic surface can be limited to 
a thin surface layer by using high test frequencies. The thick- 
ness of this layer, which is usually referred to as the depth of 
penetration of the currents, is inversely proportional to the 
square root of the product of the test frequency, the conductivity, 
and the permeability of the metal. For example, eddy currents 
penetrate twice as deep in yellow brass as in silver if the test 
frequency is held constant, because yellow brass has one quartei 
the conductivity of silver. Since yellow brass and silver are 
nonferromagnetic materials and since the permeabilities of all 
nonferromagnetic materials are essentially equal, the permea- 
bility factor cancels out whenever depth of penetration ratios 
are to be determined for nonferromagnetic materials (see 
figures 86 to 88). For a given test frequency, the magnitude of 
the eddy currents induced in a surface layer will depend upon 
the conductivity of that layer through which the currents flow, 
other factors being constant. If the coating and the base metal 
have different conductivities, the effective conductivity of the 
composite surface layer and hence the magnitude of the induced 
eddy currents, will depend to a large extent upon the thickness 
of the coating (fig. 89), The magnitude of the eddy currents is 
measured indirectly through the effect of its magnetic field 
which opposes that of the inducing current. Another property, 
magnetic permeability, is involved when magnetic materials 
such as steel and nickel are i employed. In this case, eddy cur- 
rent depth of penetration is inversely proportional to the square 
root of the magnetic permeability. In practice, this results in 
a relatively shallow depth of penetration in magnetic materials. 


(4) In practice, no calculations are required for measuring coating 
thickness, as calibration curves are used which are made of 
specimens having known coating thicknesses as shown in figure 
90. Each combination of metals requires an individual calibra- 
tion curve. Calibration curves have two limits or end points* 
one being the reading of the meter with the probe on the bare 
base metal, the other being the reading with the probe on a 
thick layer of metal composing the coating, the layer being 
micker than the depth of penetration of the eddy currents. 

Coating thickness may also be measured directly without the 
use of any calibration curves with a test instrument (fig. 91) 
utilizing interchangeable, precalibrated meter scales such as 
the one shown in figure 92. 


( 5 ) 


The range of coating thickness measurements is governed by 
design, as well as frequency selection and material 

in h^uTe sTb ’ a 7 measuring probes shown 

in figure 87b and designated as A. B, C, and D, are used with 
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a). Depth of eddy-current penetration in various metals using low- 
frequency probe "A" and high-frequency probe "D” - illustrating 
that (1) penetration is less in metals of greater conductivity, (2) 
penetration is greater when using low-frequency probe than when 
using high-frequency probe. 
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(b). Relative instrument readings when probe is applied to various metaii 


FIGURE 87. DEPTH OF EDDY-CURRENT PENETRATION AND 
RELATIVE INSTRUMENT READINGS IN VARIOUS METALS 
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RELATIVE METER READINGS ON THE LINEAR SCALE 


ITIGURE 88. RELATIVE CONDUCTIVITY OF METALS AND ALLOYS 
VERSUS EDDY CURRENT METER READINGS 
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FIGURE 90. CALIBRATION CURVE OF HOT CERA.MIC COATINGS ON 

ETP COPPER 
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FIGURE 91. MEASURING COATING THICKNESS WITH A TEST 

INSTRUMENT 


UNIT PROCESS ASSEMBLIES, INC NEW YORK 3. N.Y Mscr.iu»Ai( 

DERMITRON 


SCALE NO. 000-100D 

USE PROBE D 

NON - CONDUCTIVE COATINGS ON 
NON - MAGNETIC METALS 

THICKNESS IN MILS 
(I mi ° ogi ncii) 
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FIGURE 92. PRE CALIBRATED METER SCARE 
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one of the commercially available electromagnetic test instru- 
ments specifically designed to measure coating thickness. The 
four probes cover a wide range of thicknesses of coatings. 
Probe A is used for measurement of thick coatings while probe 
D is used for thin coatings. Probes B and C are used for 
measurement of the intermediate range of coating thickness. 
Table X shows a few examples of the metal combinations and 
the corresponding thickness ranges covered by each probe. 
Figure 93 illustrates a right angle probe which is being used 
to measure the coating thickness on the inner diameter of an 
aluminum piece. 


Table X. COATING THICKNESS RANGES FOR PROBES 



Thickness in mils ( 

1 mil = 0.001 inch) 

Combination 

Probe A 

Probe B 

Probe C 

Probe D 

Cadmium on steel 

2. 0-15. 0 

1,0-2. 0 

0. 6-1. 2 

0-0. 6 

Zinc on steel 

2. 4-15. 0 

1,0-2. 4 

0. 6-1. 2 

0-0. 6 

Copper on steel 

1. 0-10. 0 

0, 4-1. 0 

0. 2-0.4 

0-0. 2 

Silver on steel 

1. 0-10. 0 

0, 4-1. 0 

0. 2-0. 4 

0-0. 2 

Silver on brass 

2. 0-5. 0 

1.0-2. 0 

0. 5-1. 2 

0-0.7 

Copper on brass 

2. 0-5, 0 

1,0-2. 0 

0. 5-1,2 

0-0. 7 

Copper on zinc 
diecast 

2. 0-5. 0 

1,0-2. 0 

0. 7-1.2 

0-0. 7 

Watt’s nickel on steel 

Non-metallic films 
(paint, organics, 
ceramics, etc. on 
most metals) 

Anodic films on 
aluminum and 
magnesium 

1. 0-4. 0 

0, 6-1. 2 

12-125 

0. 3-0. 7 

3-12 

3-12 

0. 1-0, 5 

0, 1-4. 0 

0, 1 -4, 0 


c, Cladding Thickness, 


{1) General, In situations in which the conductivity of the two metal 
involved are vastly different, there are two types of cladding - 
thickness measurements; the first being similar to a simple 
thickness measurement in which the cladding is the better con- 
ductor of the two materials, and the second being similar to 
lift-off measurements in which the cladding is the poorer 
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aluminum piece 

ON WHICH COATING 
IS BEING MEASURED 


PROBE 

(RIGHT ANGLE TYPE) 


PROBE 

HOLDER 





NEW RIGHT-ANGLE PROBE 


CABLE 


MEASURING THICKNESS OF PLATING, PAINT, ANODIZ- 
ING, ETC., AT THIS POINT ON INSIDE OF HOLE 


URE 93. RIGHT ANGLE PROBE USED TO MEASURE COATING 
THICKNESS ON INNER DIAMETERS 
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conductor of the two. Of importance is the effect of conductivity 
on the apparent infinite thickness of the two metals. This thick- 
ness may be easily determined experimentally for a particular 
metal, probe, and frequency by simply increasing the thickness 
of the metal specimen in steps until an increase of thickness 
does not change the indicated meter reading. Measurements 
may be made on samples of finite thickness, of course, if the 
thickness is held constant and an appropriate calibration is made. 
At a frequency of 20 kilocycles per second, a 0,030 inch thick- 
ness of copper, conductivity equal to 85 %1ACS, appears 
infinitely thick to the eddy currents while a 0. 130 inch thickness 
of Inconel, conductivity equal to 1. 8 %IACS, is required to 
produce a similar effect. The apparent infinite thickness is 
determined not only by the frequency and conductivity of the 
metal, but also by the geometry of the probe coil being used. 

The apparent infinite thickness decreases as the diameter of 
the coil decreases. The accuracy of cladding thickness measure- 
ments improves as the difference between the conductivities, 
and hence the apparent infinite thickness, of the two metals 
becomes greater. 

(2) Inspection of fuel plates 

(a) Fuel plates used for nuclear reactors have been successfully 
examined for variations in nominal cladding thickness using 
electromagnetic techniques. These fuel plates are comprised 
of three layers of two different materials in sheet-form which 
have been compressed together to form a single plate. The 
core or middle layer is composed of a uranium -aluminum 
alloy, 48 percent uranium by weight; has a nominal thickness 
of 0. 022 inch; and is cladded, above and below, with 606l 
alurninum alloy of 0, 020 inch nominal thickness to pioduce a 
heterogeneous plate having a total nominal thickness of 0. 062 
inch. The fuel plate is then used to form a nuclear reactor 
fuel element which resembles a rectangular, box-like shell 
having a longitudinal cross-section of 28, 625 inches (length) by 
2. 812 5 inches (width). Because of the different deformation 
characteristics of the core and the cladding alloy, they are 
frequently deformed in a nonuniform manner as the fuel plate 
is being rolled to achieve a specified uniforni thickness. As 
a result, the thickness of the cladding material tends to vary 
inversely with the thickness of the core. Since the fuel plate 
is of uniform total thickness, the cladding, over the regions 
where the core thickness exceeds the nominal value, is much 
thinner than the 0. 020 inch nominal thickness. Because of the 
possibility of from 0. 003 to 0. 005 inch of .corrosion occurring 
during the life of the fuel plate, it is necessary that plates 
having excessive areas of undesirable cladding thickness 
deviations be rejected for use. 
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(y A typical calibration curve relating meter deflections with 

thickness of cladding expressed in mils is shown in figure 94, 
As fuel plates are examined electromagnetically, all varia- 
tions from the nominal cladding thickness are marked. For 
example, four of the most significant areas on one plate 
were sectioned as shown in figure 95, and subjected to a 
metallographic examination for correlation and evaluation 
of the eddy current measurements. Referring to figure 95, 
section 1 was taken through the thickest portion of the cladding 
on the core while section 2 was taken through the thinnest 
portion of the cladding (excluding the end). Sections 3 and 4 
were taken through the cladding present over the "dog bone" 
area at the end of the core, 

(£) The results of the metallographic measurements are also 
shown in figure 95. All measurements were made on one 
side of the plate only. The measurements for section 1 were 
made on the side of a fuel plate element containing the thickest 
portion of the cladding, while the remaining sections were 
measured on the side containing a minimum of cladding. It 
should be noted that in all cases where the metallographic 
measurement differs from the eddy current measurements, 
the difference is only 0.001 inch. 

. GAUGING OF SHEET AND THIN PLATE THICKNESS 

ae thickness of flat metal sheets and thin plates of nonferromagnetic 
laterial may be measured with an eddy current probe coil used in con- 
unction with a suitable electromagnetic test instrument, provided that 
many of the variables affecting the conductivity of the material can be 
controlled or inherently do not vary so that the predominant variable is 
at of thickness. This technique is most useful for thin sections. For 
cker sections, ultrasonic measuring techniques are much more versatile 
d accurate than the eddy current method. Below thicknesses of about 
020 inch, however, the application of ultrasonic resonance techniques 
comes difficult. Fortunately, this is the range of thickness to which 
ly current techniques may be most effectively applied. Although the 
edance variations of a probe coil in proximity with a metal sheet of 
te thickness is somewhat similar to that of an encircling coil, mathe - 
ical analysis becomes largely impractical because of the large number 
ariables involved, and experimentally determined curves must be 
zed entirely. 

INSPECTION OF MISCELLANEOUS END ITEMS 

g ^^eral. Electromagnetic testing techniques have been successfully 
lied to certain end items permitting 100 percent inspection rather than 
ing techniques. The discussion of the inspection of some 
-, which follows, encompasses all the preceding areas of 
covers the inspection of ball bearings, jet engine parts, 
l14 rifle receivers, 
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THICKNESS OF CLADDING (mils) 


FIGURE 94, EDDY CURRENT SIGNAL CALIBRATION CURVE FOR 

mark X MTR FUEL PLATES 
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^all Bearings. In making balls for ball bearings, manufacturers 
assured that they have conformed to hardness requirements. 

U^sing a standard Rockwell hardness test, only 2 to 5 percent of the 
^"U-i^ber of balls are selected for examination. The selected samples 
* s xamed to be representative and the test results are applied, accord- 
to the entire lot. Because of the weakness of this assumption, 
oi-xaagnetic testing techniques have supplanted the Rockwell hardness 
I ’V'arious manufacturing plants. Using special test coils in conjunc- 
itli a standard electromagnetic instrument, 5, 000 balls may be in- 
id per hour, effecting a separation of those which are either too 
>a7 too soft from those of sufficient hardness, A ball conforming to 
ica-tion hardness is placed into one of two coils. Balls to be checked 
in through the second coil and are automatically compared with the 
ird. Imperfect units are rejected. 

Jet Engine Parts. 

( 1) Periodically, “turbine wheels in jet engines have broken, result- 
ing in accidents costly in both aircraft and lives. Subsequent 
investigations showed that, in one type of engine, failures were 
of the serration type; i. e. , a small chunk or chunks of material 
breaking loose in the blade retention area. In another engine, 
turbine wheels failed in a segmented manner; i. e. , a large 
section of the wheel itself would break away, These failures 
have been attributed to higher than normal thermal cycling; 
intergranular oxidation in the bottom of broached areas and 
lowest serrations; and inclusions found throughout the failed 
areas. Such defects can initiate stres s -rupture cracks which 
eventually progress into either a serration or segmented type 
failure, 

(Z.) In these engines, then, the problem is to find the cracks before 

they cause failure. Until recently, fluorescent penetrant inspec- 
tion methods had been employed, but were found to be limited in 
some respects. For example, if a crack were covered with 
flowed metal or filled with oxide, it could not usually be detected 
Because of this drawback, other nondestructive tests were tried 
and, after much work, an eddy current technique was selected 
as the most suitable for detecting cracks underlying paint, 
oxides, embedded inclusions, and flowed metal. Figure 96 
illustrates the inspection and results of an electromagnetic test 
designed to locate serration cracks in an aircraft engine turbine 
wheel. 

V. 62 -MM, Ml 4 Rifle Receivers 

( 1 ) An investigation of several ruptured M14 rifle receivers showed 
that they had been made from the wrong kind of steel. Chemical 
analysis identified the steel as SAE 1330, The component 
specifications required fabrication from resulfurized SAE 8620H 
steel. Further screening investigations uncovered a second 
mixed steel which was an alloy containing 4 percent nickel. 
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a). Electromagnetic instrument is used here to locate serration craclc3 xia a 
turbine wheel. Needle fluctuates if crack is present. 


FIGURE 96. ILLUSTRATION OF ELECTROMAGNETIC INSTRUMEINTT 
BEING USED TO INSPECT TURBINE WHEEL, AND SAMPLES 

OF FLAWS 


160 



AMCR 715-501 
Volume 2 


(c), Tlae zone next to the failed area shows progression of fatique crack 
aca’oss bottom of "Christmas tree". 

IF'IGURE 96 (Cont). ILLUSTRATION OF ELECTROMAGNETIC 
INSTRUMENT BEING USED TO INSPECT TURBINE 
WHEEL, AND SAMPLES OF FLAWS 
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i). Oxide-filled cracks (above) and intergranular cracks (below) can be 
detected by electromagnetic tests. (Above) Etchant; none; 500x. 
(Below) Etchant; 92% HCL, 5% H 3 S 04 , 3% HNO 3 (modified Tucker* s 
etch); 200 x, 


FIGURE 96 (Cont). ILLUSTRATION OF ELECTROMAGNETIC 
INSTRUMENT BEING USED TO INSPECT TURBINE 
WHEEL, AND SAMPLES OF FLAWS 
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(2) Electromagnetic testing techniques were successful in separat- 
ing the M14 rifle receivers according to the three different 
steels used. The method consisted of using differential coil 
configurations in conjunction with two test instruments capable 
of indicating the amplitude, phase, and waveform harmonic 
content of the test signal. The underlying principle of the test 
was the comparison of the effective permeabilities of the untested 
receivers, with respect to a standard reference receiver con- 
forming to specifications which remained in one of the test coils 
throughout the test. Lower permeability values were indicated 
by positive meter deflections, and higher permeability values 
by negative meter deflections. Thus, it was possible to screen 
out all receivers not conforming to the standard. Phase shifts 
and wave harmonic content of the test signal were also observed 
on cathode-ray-tube displays. Photographs of the test equipment, 
meter readings, and scope patterns are shown in figures 97 to 99. 
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8620 H Material Receiver 



Meter Reading 0 


1330 Material Receiver 



Meter Reading +100 


High Nickel Material Receiver 



Meter Reading -100 



Magnates! FS-300 unit Magnetic Analysis Comparator 

FIGURE 99. ALLOY SORTING INDICATIONS: METER READINGS 

AND SCOPE PATTERNS 
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appendix 

SYMBOLIC DEFINITIONS USED IN ELECTROMAGNETIC TESTING 

THEORY 





Units 


Symbol 

Quantity 

mks 

>[o!< 

Cgs 

B 


Induced magnetic field, flux 

2 , 




density 

weber /m 

gauss 


B 

m 

Maximum intrinsic flux density 

weber/m^ 

2 

gauss 


B 

r 

Remanence (or retentivity) 

weber/m 

gauss 

cgs 

Centimeter -gram -second 

- 


S 


Depth of penetration 

- 


e 


Electron 

coulomb 

E 

or V 

Voltage 

volts 


f 


Frequency 

cycles / 

sec 


f 

c 

Characteristic frequency 

cycles / 

sec 

H 


Applied magnetic field, magnetic 
force, field strength 

amp-turn/m 

oersted 


H 

c 

Coercive force 

amp -turn/ m 

oersted 

I 


Current 

ampere 


$ or J 

Line of flux 

weber 

maxwell 

L 


Inductance 

henry 




Permeability 

henry/ m 

gauss/oersted 


^ m 

Maximvim permeability 

henry/ m 

gauss/ oersted 


*‘o 

Permeability of free space (or 
vacuum) 

henry/ m 

gauss/oersted 


^ R 

Relative magnetic permeability 

henry/ m 

gauss/oersted 

M 


Magnetization (defined as M = 

B - Mo H) 

- 


mks 

Meter -kilogram -second 

- 


N 


Fill factor 

- 


P 


Resistivity 

ohm-m 

ohm - cm 

R 


Resistance 

ohm 

n 


Reluctance 

amp-turn/ 

weber 

gilbert/max 
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Symbol 


Quantity 


a 

Z 

w 

to L 


Conductivity 
Impedance 
Angular frequency 
Inductive reactance 


Units 

mks cgs 

mho/m mho/ cm 

ohm 

radian/ sec 
ohm 


‘rationalized mks units 
practical cgs units 

- abbreviations in Units column: m = meter; cm = centimeter; 
max = maxwell 
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GLOSSARY OF TERMS USED IN ELECTROMAGNETIC TESTING 


ABSOLUTE - Refers to measurements made without a direct reference in 
contrast to differential measurements. 


ABSOLUTE SIGNAL - The value of the amplitude of a signal without con- 
sideration of its relative phase, frequency or waveform. 


ANALYSIS, IMPEDANCE - Refers to an analytical method which consists 
of correlating changes in the amplitude, phase, and/or quadrature 
components of a complex test signal voltage to the electromagnetic 
conditions within the test specimen. 


ANALYSIS, MODULATION - An instrumentation method used in electro- 
magnetic testing which separates responses due to various factors in- 
fluencing the total magnetic field by separating and interpreting indi- 
vidually, frequencies or frequency bands in the modulation envelope of 
the (carrier frequency) signal. 


ANALYSIS, PHASE - An instrumentation technique which discriminates 
between variables in the test part by the different phase angle changes 
which these conditions produce in the test signal. 


COIL - One or more turns of conductor wound to produce a magnetic field 
when current passes through the conductor. 


COIL, ABSOLUTE - A coil (or coils) that respond(s) to all electromagnetic 
properties of the test part. 

COIL, BOBBIN - A coil or coil assembly used for electromagnetic testing 
by insertion into the test piece as in the case of an inside probe for 
Uibing, Coils of this type are also referred to as inside coils or 

ins erted coils. 


COIL. ENCIRCLING - Refers to coil(s) or coil 

the part to be tested. Coils of this type are also referred to as annula , 

circumferential, or feed-through coils. 


COIL, PROBE - Refers to a small coil or coil assembly which does not 
encircle the test specimen, 

POTL SEARCH - Refers to a probe coil which is used to measure loca 

through it is changed by any other means, 

COILS, BUCKING - See COILS DIFFERENTIAL, 
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COILS, DIFFERENTIAL - Two or more coils electrically connected in 
series opposition such that any electromagnetic condition which is not 
common to the areas of the specimen being tested or the test specimen 
and the standard will produce an unbalance in the system and, thereby, 
be detected. 

COIL CLEARANCE, ANNULAR (Also called COIL SPACING) - Refers to 
an encircling coil assembly surrounding a cylindrical test piece and 
equals the mean radial distance between the adjacent coil assembly and 
test part surface, 

COIL CLEARANCE, PROBE - Perpendicular distance between adjacent 
surfaces of the coil(s) and test part, (See EFFECTIVE LIFT-OFF). 

COIL SIZE - Refers to geometry or dimension of a coil, e. g. , length, 
diameter, 

COIL SPACING - (a) Refers to the axial distance between two encircling 
coils of a differential system, or (b) as per definition in COIJL 
CLEARANCE ANNULAR. 

COUPLING - An interaction between systems, or between properties of 
a system, 

DEPTH OF PENETRATION - Refers to that depth at which the magnetic 
field strength or intensity of induced eddy currents has decreased to 
37 percent of its surface value. The depth of penetration is an ex- 
ponential function of the frequency of the signal, and the conductivity 
and permeability of the material. Synonymous terms are Standard 
Depth of Penetration and Skin Depth. (See SKIN EFFECT, ) 

DEPTH OF PENETRATION, EFFECTIVE - Refers to that minimum depth 
beyond which a test system can no longer detect a further increase in 
specimen thickness, 

DETECTION, PHASE - The derivation of a signal whose amplitude is a 
function of the deviation in phase of a single frequency alternating 
quantity, such as voltage or current, from a similar quantity of a fixed 
phase. 

>IAGRAM, IMPEDANCE PLANE - Refers to a graphical representation of 
the locus of points indicating the variations in the impedance of a test 
coil as a function of basic test parameters, 

FFERENTIATED - Refers to an output signal which is proportional to 
the rate of change of the input signal, 

• ISCONTINUITY, ARTIFICIAL - Refers to reference discontinuties , such 
as holes, grooves, or notches, which are introduced into a reference 
standard to provide accurately reproducible sensitivity levels for electro- 
magentic test equipment. 
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DISTORTION, HARMONIC •- Nonlinear distortion characterized by the 
appearance in the output of harmonics other than the fundamental 
component when the input wave is sinusoidal. Harmonic distortion is 
sometimes called amplitude distortion. 


EDDY CURRENTS - Currents caused to flow in an electrical conductor 
by the time and/or space variation of an applied magnetic field. 


EDDY CURRENT TESTING - A nondestructive testing method in which 
eddy current flow is induced in the test object. Changes in the flow 
caused by variations in the specimen are reflected into a nearby coil 
or coils for subsequent analysis by suitable instrumentation and tech- 
niques. 


EFFECT, END - The effect on the magnetic field caused by the geometric 
boundaries of the test specimen that makes it impractical to apply 
electromagnetic test methods to the associated regions of the test 
specimen. This effect is also referred to as the Edge Effect. 


EFFECT, LIFT-OFF - Refers to the effect observed in the test system 
output due to a change in magnetic coupling between a test specimen and 
a probe coil whenever the distance of separation between them is varied. 


EFFECT, SKIN - Refers to the phenomena wherein the depth of penetra- 
tion of electric currents into a conductor decreases as the frequency of 
the current is increased. At very high frequencies, the current flow 
is restricted to an extremely thin outer layer of the conductor. (See 
DEPTH OF penetration, ) 


EFFECT, SPEED - Refers to the phenomenon in electromagnetic testing 
which evidences itself as a change in the signal voltage resulting from 
emf's produced by the relative motion between a specimen and a test 
coil assembly. These emf’s cause eddy currents which result m a space 
redistribution of the magnetic field. 

ELECTROMAGNETIC TESTING - Refers to that 

for engineering materials, including magnetic materials, which use 

elLtrlmagnetL energy having mtmr^i/tested 

light to yield information regarding the quality of the material tested, 

irTT T tr ACTOR - The ratio of the square of the diameter of a cylindrical 
iecfmen to the square of th\ average diameter of the encircling 

coil, 

of the part. 
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as conductivity, crack, inclusion, etc. , of the test specimen. Each 
type of defect in a given material may have its own optimum frequency. 

FREQUENCY, TEST - Refers to the number of complete input cycles per 
unit time of a periodic quantity such as alternating current. The Lest 
frequency is always considered to be the fundamental whenever 
harmonics are generated in the process of testing certain materials 
such as ferromagnetic materials. 

lACS - International Annealed Copper Standard is an international standard 
of electrical conductivity. 

IMPEDANCE PLANE DIAGRAM - Refers to a graphical representation of 
the locus of points indicating the variations in the impedance of a test 
coil as a function of basic test parameters. 

LEVEL, TEST QUALITY - Refers to the sensitivity at which a test is 
performed. 

LEVEL, REJECTION - The setting of the signal level above or below 
which all parts are rejectable or in an automatic system at which 
objectionable parts will actuate the reject mechanism of the system. 

MATERIAL, DIAMAGNETIC - A material having a permeability less than 
that of a vacuum, 

ATERIAL, FERROMAGNETIC - A material which, in general, exhibits 
hysteresis phenomena, and whose permeability is dependent on the 
magnetizing force. 

viATERIAL, NONFERROMAGNETIC - A material that is not magnetizable 
and hence, essentially not affected by magnetic fields. This would 
include paramagnetic materials having a magnetic permeability slightly 
greater than that of a vacuum, and approximately independent of the 
magnetizing force and diamagnetic materials having a permeability 
less than that of a vacuum, 

ATERIAL, PARAMAGNETIC - A material having a permeability which 
is slightly greater than that of a vacuum, and which is approximately 
independent of the magnetizing force. 

)ISE - Refers to any undesired signal that lends to interfere with the 
normal reception or processing of a desired signal. In flaw detection, 
undesired response to dimensional and physical variables (other than 
flaws) in the test part is called "part noise". 

fRMEABILITY, EFFECTIVE - A hypothetical quantity which is used to 
describe the magnetic field distribution within a cylindrical conductor 
in an encircling coil. The field strength of the applied magnetic field 
is assumed to be uniform over the entire cross-section of the test speci- 
men with the effective permeability, which is characterized by the 
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conductivity and diameter of the test specimen and test frequency^ 
assuming values between zero and one, such that its associated ampli- 
tude is always less than one within the specimen. 

PERMEABILITY, INCREMENTAL - The ratio of the cyclic change in mag- 
netic induction to the corresponding cyclic change in magnetizing force 
when the mean induction differs from zero. 


PERMEABILITY, INITIAL - Refers to the slope of the normal induction 
curve at zero magnetizing force. 


PERMEABILITY, NORMAL - The ratio of the normal induction to the 
corresponding magnetizing force. 

PERMEABILITY VARIATIONS OF A MATERIAL - Refers to magnetic 
inhomogeneities of a material, 


PHASE ANGLE - Phase angle is the angular equivalent of the time dis- 
placement between corresponding points on two sine waves of the same 
frequency. 

PHASE SHIFT - A change in the phase relationship between two alternating 
quantities of the same frequency. 

READOUT, ABSOLUTE - Refers to the signal output of an absolute coil. 

READOUT, DIFFERENTIAL - Refers to a signal output obtained from a 
differential coil system. 

reluctance, CIRCUIT - The reluctance of the magnetic circuit is the 
algebraic sum of the reluctances of each portion of the circuit. 

RESOLUTION, DEFECT - A property of a test system which enables the 
separation of signals due to defects in the test specimen that are 
located in close proximity to each other. 


p TTQ-pOTSJSE AMPLITUDE - Refers to that property of the test system 

wh°reb?\he amp^ the detected signal is measured without regard 

to phase, 

SATURATION -• Refers to the degree of magnetization produced in a 
■^ferromagnetic material for which the incremental permeability has 
decreased substantially to unity. 

SELECTIVITY - Refers to ‘h® 

rttrn%hrd\^srr1rs‘rnaran^-rr^^^^^^^^^^ -.uencies or 

phases, 

SENSING HEAD - Refers to a probe unit 
magnetic circuit from which a test signa 
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SIGNAL GRADIENT - See READOUT, DIFFERENTIAL. 

SIGNAL-NOISE- RATIO - Refers to that ratio of values of signal (response 
containing information) to that of noise (response containing no informa- 
tion) . 

STANDARD - (1) A reference used as a basis for comparison or calibra- 
tion. (2) A concept that has been established by authority, custom, or 
agreement to serve as a model or rule in the measurement of quantity 
or the establishment of a practice or a procedure. 

STANDARD, REFERENCE - A reference used as a basis for comparison 
or calibration. 

SYSTEM, PHASE SENSITIVE - A system whose output signal is dependent 
on the phase relationship between an input and a reference voltage. 

time, recovery - Refers to the time required for a test system to 
return to its original state after it has received a signal. 

WOBULATION - Refers to an effect which produces variations in an out- 
put signal of a test system and arises from variations in coil spacing 
due to lateral motion of the test specimen in passing through an 
encircling coil. 
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